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ABSTRACT 
 
This thesis presents the study of nanocomposites based on immiscible 
polymer blend of polycarbonate and acrylonitrile-butadiene-styrene (PC/ABS) 
filled with multi-walled carbon nanotubes (MWCNT). The aim is to achieve 
an improvement of mechanical properties and electrical conductivity of the 
nanocomposites.  
In an initial stage, a twin-screw extruder was used to obtain nanocomposites 
by melt compounding. Three methods of carbon nanotubes addition were 
studied: direct addition, dilution from a masterbatch and feeding of MWCNT 
suspension in ethanol. For each method, the influence of nanofiller content 
and processing parameters on morphology and final properties of the 
nanocomposite was analyzed. Furthermore, the influence of two types of 
carbon nanotubes modifications was studied: covalent modification by 
surface-oxidation (MWCNT-COOH) and non-covalent modification by an 
addition of surfactant promoting the nanofiller-matrix interactions. 
A good dispersion of the MWCNT was obtained for masterbatch dilution and 
suspension feeding. Both methods showed preferential localization of 
carbon nanotubes in polycarbonate phase (PC). 
Samples processed by masterbatch dilution showed the 30 % increase of 
rigidity and a decrease of ductility of PC/ABS for 0.5 wt. % MWCNT. 
Electrical conductivity was influenced by processing temperature and carbon 
nanotubes type. The percolation threshold value was 2.0 wt. % for pristine 
MWCNT and 1.5 wt. % for modified MWCNT-COOH. 
 
Better balance of mechanical properties and electrical conductivity was 
achieved in the samples obtained by the masterbatch route. These 
properties were studied in a subsequent phase, when the extruded 
nanocomposite was injection molded in order to obtain a defined geometry. 
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Injected samples showed higher homogeneity and thus, higher electrical 
conductivity when low injection speeds and intermediate melt temperatures 
were applied. This effect is related to the high orientation and concentration 
of carbon nanotubes, as well as to occurrence of a skin effect. However, the 
maximum electrical conductivity achieved after the injection process was 
reduced by orders of magnitude over the obtained in the compounding stage.  
Finally, a mathematical model of carbon nanotubes orientation in injection 
molded samples was calculated. The results showed a good agreement with 
the experimental values. A high orientation of carbon nanotubes, exceeding 
75 %, in the direction of the flow at higher distances from the injection gate 
was observed. A loss of the orientation in the injection gate area due to flow 
disturbances was observed.  
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RESUMEN 
 
En esta tesis se ha abordado el desarrollo de nanocompuestos basados en 
una mezcla inmiscible de policarbonato y acrilonitrilo-butadieno-estireno 
(PC/ABS) y la adición de nanotubos de carbono (MWCNT), con el objetivo 
de conseguir propiedades mecánicas y de conductividad eléctrica 
mejoradas. 
En una primera fase, se empleó una extrusora de doble husillo para la 
obtención por mezclado en fundido de los nanocompuestos, y se estudiaron 
tres métodos de adición de los nanotubos de carbono: la adición directa, la 
dilución a partir de un masterbatch, y la incorporación de los MWCNT  
a partir de una suspensión en etanol. Para cada método, se analizó la 
influencia de del contenido de nanocarga y de los parámetros de procesado 
sobre la morfología y propiedades finales de los nanocompuestos. Asimismo, 
se estudió también la influencia de la adición de nanotubos de carbono con 
dos tipos de modificaciones superficiales. En particular, se adicionaron 
nanotubos de carbono modificados covalentemente mediante oxidación 
(MWCNT-COOH), así como la adición de un surfactante para favorecer las 
interacciones nanocarga-matriz. 
Desde el punto de vista de la morfología, una buena dispersión de los 
MWCNT fue obtenida a partir de los métodos de dilución de un masterbatch 
y suspensión en etanol, mostrando en ambos casos una localización 
preferencial de los nanotubos de carbono en la fase policarbonato (PC).  
En las muestras procesadas mediante masterbatch se observó que la 
rigidez aumentaba por encima del 30 %, a la vez que se reducía la 
ductilidad del PC/ABS, para adiciones de 0.5 % peso de MWCNT. Asimismo, 
se observó que los valores de conductividad eléctrica estaban influenciados 
por las temperaturas de procesado y la naturaleza de los nanotubos de 
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carbono, siendo el valor de percolación de 2.0 % peso para MWCNT puros y 
1.5 % peso para MWCNT-COOH. 
 
Atendiendo al mejor balance de propiedades mecánicas y de conductividad 
eléctrica logrado en las muestras obtenidas mediante la ruta de masterbatch, 
en una siguiente fase se estudió la variación producida en estas 
propiedades cuando el nanocompuesto extruido fue moldeado por inyección 
para obtener una geometría definida. Del estudio de los parámetros de 
inyección se  observó que las muestras inyectadas presentaban una mayor 
homogeneidad, y por ende una mayor conductividad eléctrica, cuando se 
aplicaban bajas velocidades de inyección y temperaturas de fundido 
intermedias. Este efecto está relacionado con la mayor orientación de los 
nanotubos de carbono en las zonas internas con mayor concentración de 
MWCNT y a la existencia de un efecto piel. A pesar de ello, la conductividad 
eléctrica máxima alcanzada después del proceso de inyección se redujo 
varios órdenes de magnitud respecto al valor obtenido en la etapa previa de 
compounding. 
Finalmente, se llevó a cabo un modelizado matemático de la orientación 
producida en los nanotubos de carbono durante el proceso de moldeo por 
inyección, y los resultados obtenidos mostraron un buen ajuste con los 
valores experimentales. Se observó una alta orientación de los nanotubos 
de carbono en la dirección del flujo a distancias alejadas del punto de 
inyección, con valores teóricos por encima del 75 %, así como una pérdida 
de la orientación en las proximidades del punto de inyección debido  
a perturbaciones en el flujo. 
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RESUM 
 
En aquesta tesi s’ha abordat el desenvolupament de nanocompostos basats 
en una mescla immiscible de policarbonat i acrilonitril-butadié-estiré 
(PC/ABS) i l’addició de nanotubs de carboni (MWCNT), amb l’objectiu 
d’aconseguir propietats mecàniques i de conductivitat eléctrica millorades. 
En una primera fase, es va utilitzar una extrusora de doble fuset per  
a l’obtenció per mesclat en estat fos dels nanocompostos i es van estudiar 
tres mètodes d’addició dels nanotubs de carboni: l’addició directa, la dilució 
a partir d’un masterbatch, i la incorporació dels MWCNT a partir d’una 
suspensió en etanol. Per a cada mètode, es va analitzar la influència del 
contingut de nanocàrrega i dels paràmetres de processament sobre la 
morfologia i propietats finals dels nanocompostos. Així mateix, es va 
estudiar també la influència de l’addició de nanotubs de carboni amb dos 
tipus de modificacions superficials. En particular, es van addicionar 
nanotubs de carboni modificats covalentment mitjançant oxidació (MWCNT-
COOH), així com l’addició d’un surfactant per a afavorir les interaccions 
nanocàrrega-matriu. 
Des del punt de vista de la morfología es va obtenir una bona dispersió dels 
MWCNT a partir dels mètodes de dilució d’un masterbatch i suspensió en 
etanol, mostrant en tots dos casos una localització preferencial dels 
nanotubs de carboni en la fase policarbonat (PC). 
En les mostres processades mitjançant masterbatch es va observar que la 
rigidesa augmentava per damunt del 30 %, alhora que es reduïa la ductilitat 
del PC/ABS. Per a addicions del 0.5 % en pes de MWCNT. Així mateix, es 
va observar que els valors de conductivitat elèctrica estaven influenciats per 
les temperatures de processament i la naturalesa dels nanotubs de carboni, 
sent el valor de percolació del 2.0 % en pes per als MWCNT purs i del 1.5 % 
en pes per als MWCNT-COOH.  
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Atenent al millor balanç de propietats mecàniques i de conductivitat elèctrica 
aconseguit en les mostres obtingudes mitjançant la ruta de masterbatch, en 
una següent fase es va estudiar la variació produïda en aquestes propietats 
quan el nanocompost extrudit va ser modelat per injecció per a obtenir una 
geometria definida. De l'estudi dels paràmetres d’injecció es va observar 
que les mostres injectades presentaven una major homogeneïtat, i per tant 
una major conductivitat elèctrica, quan s’aplicaven baixes velocitats 
d’injecció i temperatures intermèdies de fos. Aquest efecte està relacionat 
amb la major orientació dels nanotubs de carboni en les zones internes amb 
major concentració de MWCNT i a l’existència d un efecte de pell. Malgrat 
açò, la conductivitat eléctrica màxima aconseguida després del procés 
d’injecció es va reduir diversos ordres de magnitud respecte al valor obtingut 
en l’etapa prèvia de compounding. 
Finalment, es va dur a cap un modelitzat matemàtic de l’orientació produïda 
en els nanotubs de carboni durant el procés de moldeig per injecció, i els 
resultats obtinguts van mostrar un bon ajust amb els valors experimentals. 
Es va observar una alta orientació dels nanotubs de carboni en la direcció 
del flux a distàncies allunyades del punt d’injecció, amb valors teòrics per 
damunt del 75 %, així com una pèrdua de l o´rientació en les proximitats del 
punt d’injecció degut a pertorbacions en el flux.  
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1. Introduction 
Nanotechnology has recently gained attention of scientific environment due 
to the solutions offered in main areas of the human activity. Ceramic-, 
metal- and inorganic-based nanomaterials have found applications in areas 
from medicine to construction sector. Carbon-based structures have unique 
position among the researched and applied nanomaterials. Single- and 
multi-walled carbon nanotubes representing 1D structures share this 
attention with the graphene sheet (2D) and the more complex systems, e.g. 
fullerenes. Nevertheless, carbon nanotubes with their excellent properties, 
well established production process (e.g. variations of carbon vapor 
deposition – CVD) and characterization methods have became an important 
material in nowadays technology. The homogeneity of commercial batches 
and the precise control of the structures allow application of these 
nanomaterials in technologies requiring designed parameters, e.g. aspect 
ratio, purity (including the residual catalyst content), length distribution or 
alignment in the substrate.  
Global market of engineering plastics production, according to various 
sources, has exceeded 19.6 million metric tons in 2013 and is expected to 
increase reaching 29.1 million metric tons by 2020. Multiple solutions offered 
by polymer materials are becoming bases of the new applications involving 
engineering plastics. Polymer blends participating in these numbers, seem to 
attain attention again in the last years. Besides the unfilled multi-facial 
materials with controlled size of the dispersed phase, the nanocomposites 
based on such matrices are being researched intensively.  
Excellent properties of carbon nanotubes boost electrical conductivity of 
polymer materials and improve mechanical properties the orders of 
magnitude higher than the common fillers at similar concentrations. 
Furthermore, the phenomenon of nanofiller migration between the phases of 
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the immiscible polymer blend occurs with the co-continuity of the filler 
creating the percolated network with high selectivity regarding localization. 
The issues related to the dispersion of carbon nanotubes in polymer 
matrices are reported to be solved by a covalent- and non-covalent 
modification of the filler or by a proper adjustment of machine parameters. 
Nevertheless, homogeneous morphology is rarely obtained during the 
processing. Polymer melt and carbon nanotubes have various flow abilities, 
what causes challenges e.g. in injection molding. The difference of nanofiller 
concentration in several areas of the injected sample as a consequence of 
the shear-induced flow is a drawback in this technology. Finding the 
solutions for disadvantages in carbon nanotube-based nanocomposites 
formation and processing would bring a great number of new, interesting 
applications.  
 
1.1. Overview of the thesis 
1.1.1. Motivation 
Research on nanocomposites based on multiphase polymer blend filled with 
multi-walled carbon nanotubes was done with the aim of matrix properties 
improvement. The challenge and interest in this research are focused on 
understanding the behavior of carbon nanotubes in immiscible blend. 
Formation and processing of nanocomposites with the common methods 
from commercially available materials was carried out in order to provide 
conditions applicable for industry. The work was done within the CONTACT 
project funded from the European Community’s Seventh Framework 
Program (FP7/2007-2013) under grant agreement no. 238363. Initial 
Training Network (ITN) was oriented on various fields related to carbon 
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nanotubes: synthesis and characterization of nanomaterials, formation 
processing of nanocomposites and application of designed technology.  
Recent studies offer great number of information about carbon nanoparticle-
filled polymers. Nevertheless, only minor part of these reports are related to 
the multiphase matrix-based nanocomposites. Multi-walled carbon 
nanotubes with a unique structure of rolled graphene sheet providing 
uncommon properties of this material allows achievement of elevated values 
of electrical properties. Besides, an increase of other properties has been 
achieved in polymer nanocomposites. Performance achieved after the 
formation of polymer blend and after the introduction of nanofiller giving 
various properties increase is defined as the main aim of this research.  
 
1.1.2. Challenges 
The common issues related to carbon nanotubes-filled polymer-based 
nanocomposites can be divided into sections and summarized as:  
o Agglomeration of nanofiller during nanocomposite formation 
o Importance of wetting properties between matrix and filler  
(possibly tuned by functionalization) 
o Importance of applied shear value necessary to break primary- 
and secondary agglomerates with keeping high-aspect ratio of 
carbon nanotubes 
o Difficulty of maintaining the good morphology of the 
nanocomposite along the whole specimen after processing by 
injection molding 
o Importance of controlling the orientation of carbon nanotubes 
inside the mold during injection molding 
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1.2. Objectives 
The aim of this thesis is to produce nanocomposites of multiphase polymer 
matrix filled with multi-walled carbon nanotubes. The goals include study of 
properties evolution during the path from nanocomposite formation to 
processing. Commercially available materials and scalable methods are used. 
Therefore the specific objectives are: 
o Formation of nanocomposites based on PC/ABS multiphase 
polymer blend filled with carbon nanotubes: 
 Study of the influence of processing parameters  
(screw speed, barrel temperature) 
 Study of the influence of carbon nanotube feeding method 
 Study of the influence of carbon nanotubes modification 
o Extended characterization of nanocomposites including 
morphology and the other main properties 
o Processing of the selected nanocomposites by injection molding: 
 Study of the influence of processing parameters  
(injection velocity, melt temperature) 
 Study of the influence of the number of processing steps 
o Characterization of the specimens including morphology with 
carbon nanotubes orientation, mechanical- and electrical 
properties 
o Theoretical calculations of carbon nanotubes orientation after 
injection molding and comparison of the results with 
experimental data 
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1.3. Structure of the thesis 
This thesis is organized into eight chapters in order to clearly lay out the 
research developed on formation and processing of nanocomposites with 
multiphase polymer blend filled with multi-walled carbon nanotubes.  
Chapter 2 presents the state of the art on related polymer-based 
nanocomposites filled with carbon nanotubes.  
Methods used during formation and characterization of PC/ABS-MWCNT 
nanocomposites are described in Chapter 3. Principals of twin-screw 
extrusion and various analytical techniques used in this work are described. 
Methods of nanofiller introduction and conditions applied during 
nanocomposite formation are shown along with the conditions of each 
performed test.  
Information in Chapter 4 contains presentation and discussion of the results 
obtained in the nanocomposites formation step. Twin-screw extrusion was 
carried out with the commonly applied nanofiller introduction: dry powder 
feeding and masterbatch dilution. Morphology, thermal-, mechanical- and 
electrical properties are described. Preliminary conclusions about the 
performance achieved after the introduction of carbon nanotubes to PC/ABS 
are located at the end of this chapter.  
Chapter 5 gives information about the modification of the nanofiller feeding 
method during twin-screw extrusion. Formation of PC/ABS-MWCNT was 
carried out with the introduction of carbon nanotubes in the form of 
suspension in ethyl alcohol. Crucial areas are studied: morphology, thermal-, 
mechanical- and electrical properties. Besides, non-covalent modification of 
carbon nanotubes with surfactants is studied.  
Chapter 1 
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Chapter 6 is constructed of presentation and discussion of the results 
obtained in injection molding. Furthermore, processing parameters are given 
and applied methods are described. Morphology including carbon nanotubes 
orientation and localization, thermal-, mechanical- and electrical properties 
are described. Preliminary conclusions about the performance achieved after 
nanocomposite processing are located at the end of this chapter.  
Theoretical calculations of carbon nanotubes behavior in polymer melt 
during injection molding are presented in Chapter 7. Expected location of 
nanofiller and orientation is corroborated with the experimental results.  
In Chapter 8 general conclusions and suggestion for continuation of this 
research are presented.  
Chapter 2 
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2. Literature review 
 
2.1. Plastic Materials 
Following the analysts of Plastics Europe, in 2012 the entire polymer 
industry in European Union had a combined turnover of above 300 billion 
euro. This is a minor part of the world market, which is shown in Figure 
2.1.1. Therefore, great expectations of actual and future research carried 
out in this field are related to the most universally-used materials in the 
global economy. Plastics became an important part of modern technology, 
providing the state-of-the-art solutions to the automotive, aerospace or 
electronic industries.  
 
 
Figure 2.1.1: World plastic production in 2012 [Plastics Europe]. 
 
Regarding the further advance in plastic materials, the combination of 
mutually beneficial polymers was introduced into the market in the form of 
blends. Miscible and multiphase polymer blends create over 36 % of the 
polymer production industry,[1] which is a considerable area. Besides, 
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nanocomposites are another method of plastics improvement on the path of 
advanced materials development. Nanocomposites getting the recent 
attention of both research and industry are estimated to be consumed 
annually in the amount of over 330 metric tons in 2016 according to BCC 
research. Such an amount should be regarded as significant, especially that 
these materials are novel and new solutions are rarely directly applied in 
rather conservative industry.  
 
2.1.1. PC/ABS Polymer blends 
Polycarbonate, produced annually in billion tons,[2] is one of the most 
common engineering thermoplastic polymer with good transparency and 
properties similar to poly(methyl methacrylate) (PMMA). Polycondensation of 
bisphenol A and phosgene results with polycarbonate but detailed 
production process involves the intermediate step of the bisphenol A sodium 
salt formation, further conversed into the final material. Bisphenol A can be 
exchanged by the similar structure monomers to improve particular 
properties (e.g. introduction of halogen atoms increases flame retardantcy).  
High impact-resistance of polycarbonate is confronted with the low scratch 
resistance. Nevertheless, good mechanical properties (Table 2.1.1) make a 
wide range of applications possible, despite the required high temperatures 
of processing tools. Except the common automotive and electronic 
applications there is significant area of special destination materials, like 
optical lenses, riot shields or medical materials.  
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Table 2.1.1: Comparison of Bisphenol A polycarbonate (PC) and ABS.[3]  
Properties PC ABS 
Glass Transition Temperature [°C] 145 105 
Melting Temperature [°C] 225 - 
Density [gcm-3] 1.20 1.05 
MFI [g 10min-1] 8.3 13.2 
Hardness Rockwell R 118 108 
Tensile Strength [MPa] 63.1 43.4 
Elongation at break [%] 50.4 25.6 
Izod impact strength [Jm-1] 640-850 340 
Elastic Modulus [MPa] 2360 2350 
Electrical Resistivity [Ωcm-1] 1.4 e14 1.3 e16 
Surface Resistance [Ω] 1.2 e15 3.2 e15 
Thermal Conductivity [W m-1K] 0.17 0.19 
Vicat Softening point [°C] 147 101 
Flammability, UM94 V-2 HB-5VA 
Refractive Index 1.59 - 
Processing Window [°C] 280-300 200-250 
Drying Temperature [°C] 120 75-90 
 
Polycarbonate blended with acrylonitrile-butadiene-styrene terpolymer (ABS) 
forms immiscible,[4] largest selling commercial polymer blend in the world. 
The multiphase PC/ABS exhibits unique properties due to the combination of 
polymers with various characteristics.[5] Besides, morphology of the PC/ABS 
blend depends on many factors, but the blend type components, their share 
and shear rates during the processing are most important.[4] Interfacial 
interactions can be based also on the differential shrinkage between 
polymers, which is minimized by co-polymerization reducing the inter-
laminar gaps. Reasonably small injection molding shrinkage (near 0.3 % for 
reinforced material) promotes such a processing method with a standard 
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melt temperature ranging between 240 °C and 280 °C, and mold 
temperatures below 100 °C. According to ISO 294, the injection velocity is 
240 mms-1, although after mixing with solid particles (e.g. carbon nanotubes) 
this value could be rapidly reduced due to the increase of melt viscosity.  
 
2.1.2. Carbon nanotubes 
Various types of carbon nanomaterials, one-dimensional carbon nanotubes 
or two-dimensional nanographene platelets, earned a stable position in the 
area of additives for industrial plastics. Well-studied multi-walled carbon 
nanotubes (MWCNT) with a unique structure and properties became an 
important group due to the offered improvement of properties. MWCNT in 
nanocomposites can boost electrical and thermal conductivity[6-8] by orders 
of magnitude over the performance achievable with traditional carbon fillers 
in similar weight percentages.[9] Two main types of carbon nanostructures 
with different origin and properties are present in nowadays technology. 
Single-walled carbon nanotubes (SWCNT) are constructed of a rolled 
monolayer graphene sheet while the aforementioned multi-walled carbon 
nanotubes (MWCNT) are a structure build of many concentric SWCNT. The 
most commonly applied synthesis methods need to be discussed in order to 
understand the behavior of this nanomaterial.  
 
2.1.2.1. Synthesis overview 
Production process of carbon nanotubes has evolved since the discovery in 
1990´s. The issued related to single-walled carbon nanotubes production 
are in majority an academic interest, while MWCNT are already introduced 
in the industry. Both types are principally prepared in arc-discharge process 
or by laser-ablation in an inert gas atmosphere with a use of metal 
catalyst.[10-11] Nevertheless, Catalytic Chemical Vapor Deposition (CCVD) 
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(Figure 2.1.2) is the commonly applied method providing repeatability 
required in industry.[12-13] The product formation depends strongly on the 
metal catalyst center, inert gas and electric currents. The plasma control 
variation of the CCVD method has been studied as an alternative method.[14] 
With this method the microscopic and macroscopic parameters of the 
product are precisely controlled. Furthermore, further development of new 
technologies of carbon nanotubes production is reported, e.g. the fluidized 
bed reactors are studied and the technology is being adapted for the 
industrial use.[15-16]  
 
 
Figure 2.1.2: Scheme of low pressure CCVD installation.[17] 
 
Highly controlled pyrolysis of a hydrocarbon-organometallic solution like 
ferrocene-benzene, tiophene or methane can yield in carbon nanotubes 
when correct conditions are applied. The decomposition of a simple 
hydrocarbon or hydrocarbon mixtures over metal substrates usually gives 
satisfactory results, too. Besides, simply alcohols as starting materials to 
obtain mono-layered graphene tubes with sufficient purity and efficiency 
were studied.[18] Selection of an appropriate metal catalyst is crucial in the 
nanotube growth process. This is usually correlated with the formation 
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method, e.g. two-step plasma-enhanced CVD shows a Ni as the most 
suitable catalyst to obtain MWCNT.[19] Water enhanced catalysts introduced 
to CVD method by Iijima et al.[13] can induce the growth of a dense and 
vertically aligned nanotube forest but the satisfactory control of this process 
has not been achieved yet. Industrial approach drives the research in the 
catalyst area. CoMoCat commercialized by South-West Nanotechnologies Inc. 
is an interesting example due to the scalability and possibility to change of 
the process from periodic to continuous.[19]  
There are various recognized mechanisms of carbon nanotubes formation 
with a slight predominance of a few. The mechanism clarifying hydrocarbon 
pyrolysis proposed in 1978 by Baker and Harris[20] slightly modified by 
Oberlin[21] involves the C-H bond breaking with hydrogen release followed 
by the diffusion of carbon through the metal substrate. Further deactivation 
of the catalyst and over-coating causes termination of a nanotube growth. 
The size of metal catalyst determines the product and MWCNT are 
preferably grown on medium-sized particles.  
 
 
Figure 2.1.3: Aligned carbon nanotubes forest grown by CVD method.[22]  
 
Besides, a formation mechanism including the hemispherical structures 
giving the beginning of nanotube growth is one of the considered theories[23] 
This is often correlated with the growth model regarding the individual 
nanotube being formed on one metal particle. Some computational models 
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supported by the laboratory tests showed the formation of CNT directly by 
closing a large one-layer graphite sheet.[24] This is reported as a more 
energetically favorable mechanism than growing individual nanotube by the 
addition of carbon atoms to the structure.  
Intensive research on carbon nanotubes production methods resulted in  
a bowl-like cathodes or an open-air synthesis giving higher yields, purity and 
improved oxidation resistance.[13] Laser vaporization was developed by 
Smalley et al.[12] where a beam is directed into graphite at the high pressure 
of an inert gas. Nevertheless, Chemical Carbon Vapor Deposition (Figure 
2.1.2) with the advantage of scalability is preferred due to facilitated 
industrial application of this method. Resulting material in the form of 
aligned carbon nanotube forest (Figure 2.1.3) contains the primary 
agglomerates that need to be destroyed in the nanocomposite formation 
process. Combination of these methods, a laser-assisted CVD can selectively 
produce MWCNT or SWCNT. Besides an aerogel-supported CVD with control 
provided by the change of a fed gas or a surface area is an alternative.  
 
2.1.2.2. Properties overview 
Novel and uncommon properties of carbon nanotubes make this material an 
important field in recent research. With the comparison to carbon fibers, 
carbon nanotubes Young modulus and strength are improved by over 30 %, 
showing 1800 GPa and 40 GPa, respectively (Table 2.1.2). Multi walled 
carbon nanotubes are structured of up to 30 concentric layers of graphene 
with a diameter in a range of 10-50 nm,[25] abnormally high length-to-
diameter ratio (L/D)[26] and standard length in a range of 500-1000 nm, 
dependable on synthesis method.[25] Besides, the outer layer of an individual 
carbon nanotube exists in three main structural versions: zigzag, armchair 
and chiral.[27]  
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Purification and characterization methods play a key role in the 
nanomaterials production process. The greatest share of impurities comes 
as an amorphous carbon and graphite nanoparticles, but this is the least 
problematic one. The residual metal catalyst gives more difficulties,  
e.g. influences the low-temperature oxidation process of polycarbonate 
causing drawbacks during the nanocomposite formation. The most common 
procedures in MWCNT refining process are mechanical centrifugation and 
filtration or oxidation: gas-phase or vapor-phase oxidation and wet chemical 
oxidation.[11] Acid treatment combined with the high-temperature gives the 
requested level of product purity.[24] The other methods are still being 
investigated.[28-29] Nevertheless, the most promising path to obtain pure 
material is to improve the synthetic way rather than purification methods.  
 
Table 2.1.2: Properties comparison between SWCNT, MWCNT and the other 
commonly known materials: steel and Kevlar® .  
Properties SWCNT MWCNT HS Steel Kevlar 
Diameter [nm] 1.0-1.5[30] 10-100[30] - - 
Length [μm] 0.5-4.0 [17] - - 
Young´s modulus [GPa] 1300[31] 1800[32] 200[33] 130[33] 
Tensile strength [GPa] 10-60[33] 4.1[33] 3.9[33] 
Elongation failure [%] 20-30[34] <10[33] 2.8[33] 
 
Regarding the application area of carbon nanotubes, electronic and electrical 
industry seems to be the key area. The material already holds an important 
place in engineering.[4,35] Electrical characteristics of carbon nanotubes 
match with the requirements of energetic industry. The potential application 
gives solutions in the market of batteries, solar cells, hydrogen storage, 
display devices and loudspeakers. The other applications take advantage 
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from electromagnetic properties of the carbon nanotubes: artificial muscles, 
electric motor brushes and magnets or superconductors.[4] Optoelectronic 
industry can benefit from the phonon transport possibilities in MWCNT while 
the mechanical properties can be exploited in the surface and membrane 
industry or in radiation chemistry-related branches.[6,36] Despite the 
mentioned applications, the great majority of solutions are based on 
polymer-matrix nanocomposites filled with MWCNT.  
 
2.2. Polymer-carbon nanotube nanocomposites 
Without any doubts plastics and their composites poses already strong and 
constantly growing domination in everyday life. Advanced materials have 
reached the high importance in modern world. This brings the necessity of 
the application-oriented research.  
The development of advanced materials is usually driven by the idea of 
future use. Electronic sector including the application of plastics and 
polymer-based-composites is a dynamically changing branch of technology 
with long history dated back to 1950’s.[37] Even though the conductive 
polymers are present in science and technology, engineering plastics tend to 
show poor electrical properties not sufficient for the application in this sector. 
This drawback is commonly solved by the formation of composite with 
electrically conductive filler.[38] Nevertheless, such a material often shows 
the decrease of mechanical properties coming from the low homogeneity.[39] 
Besides, the other parameters, like thermal properties with the degradation 
behavior or the procesability (often correlated with the visco-elastic 
properties) need to be controlled. The recent, well-settled study of 
conductive plastics[7,40] shows the possibilities of material control and 
variations of research areas that need to be covered in order to provide the 
data necessary for the application. Polymer-based electronics with only trace 
amounts of silicon or copper are concurrent to metals and semiconductors. 
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The new elements are flexible, light and cost-efficient. Besides, plastics are 
expected to create an alternative for indium tin oxide (ITO) widely used in 
optoelectronic technology.[41]  
 
 
Figure 2.1.4: Example applications of polymer-based MWCNT-filled nanocomposites.  
 
Considering carbon nanotubes as reinforcement in engineering plastics,  
a group of specific applications needs to be mentioned. First of all, EMI 
(electromagnetic interaction) shielding of material reinforced with carbon 
nanotubes gets more attention, despite relatively high complexity of this 
technology.[42] The great-scale electrochemical metallization of industrial 
elements (e.g. car elements or house-hold equipment elements) demand 
electrically conductive elements (Figure 2.1.4). Furthermore, according to 
the information provided by the Nanocyl during CNPComp 2013, automotive 
uses MWCNT replacing carbon black in the fuel systems (pumps, tanks, 
connectors), due to the required electrostatic properties. Carbon nanotubes-
filled nanocomposites are present in simply applications like polyurethans for 
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wheels or elastomers for tubings, as well as in more sophisticated ones: 
ATM machines, sport goods or sensors.  
Despite the thermoplastic materials, the thermosetting resins have an 
important place in carbon nanotube composites technology. Considerable 
improvement in the dispersion of carbon nanotubes in epoxy resins is 
obtained, with the respect to the decreased viscosity in some cases 
(comparing with an average thermoplastic polymer melt at processing 
temperature).[43-45] This creates the greater possibility of the use of 
surfactant as a physical modification of the nanofiller, which finally leads to 
the better dispersion.[46-47] However, additional issues that need to be 
discussed are outside of the area of interest of this project. 
 
2.2.1. Preparation and processing of MWCNT nanocomposites 
Formation of carbon nanotube-based nanocomposites with the ability to 
control the properties is within the main goals of researchers nowadays. 
Melt mixing is the commonly applied preparation method preferred by 
industry, though. Various material improvement is being reported for this 
method.[48] However, the problem of carbon nanotubes dispersion 
disappears when the other processing methods are used (e.g. solution 
processing and in-situ polymerization).[35,43,49-51] Morphology of carbon 
nanotube-based nanocomposites influences the main features of the final 
material. The actual state of knowledge shows that the dispersion of carbon 
nanotubes in the polymer matrix needs to be improved before such 
composites will enter the market with the ability to replace the common 
engineering plastics. Alignment of the nanofiller play less important role in 
determining material behavior, although the properties as electrical 
conductivity or isotropy of mechanical reinforcement are sensitive to this 
factor.[52]  
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Processing of the nanocomposites regarding shaping of the previously 
formed material can be non-invasive for the nanofiller dispersion state, e.g. 
compression molding. Usually no significant change to the morphology of 
pellets is observed, while in the injection molded specimens a level of 
dependence on processing parameters is clearly higher.[53] MWCNT 
dispersion varies a lot with the change of position inside the specimen 
regarding the distance of mold walls.[53-54] Due to different flow abilities of 
polymers and nanotubes related to the spatial behavior, there is  
a significant change in the filler concentration also with the respect to the 
gate.[25] Well dispersed nanofiller in samples processed at small injection 
velocity exist,[25,53] which can be understood as positive signal for the further 
research in this field. Nevertheless, processing methods of nanocomposites 
at actual state are still at the embryonic level.  
 
2.2.1.1. Compounding of nanocomposites 
High aspect ratio of carbon nanotubes causes the boost of electrical- and 
thermal conductivity in isolating polymers at relatively low loads.[55-56] 
Likewise, shape and properties of MWCNT allow improving mechanical 
properties of polymer matrix when homogeneous dispersion is achieved. 
This is related to the mechanical percolation based on interactions between 
carbon nanotubes and polymer chains.[57] Nevertheless, achieving of good 
dispersion of carbon nanotubes in polymers by melt-mixing is one of the key 
challenges. Agglomeration level based on attractive Van der Waals forces 
between individual nanotubes appears to be tunable when twin-screw 
extrusion is applied.[58-59] Tailoring the key processing parameters during 
nanocomposite preparation and further processing[60] allows significant 
decrease of agglomeration and control of alignment in the final part.[61] 
Specific mechanical energy (SME) is recognized parameter describing energy 
applied to the material during melt mixing.[62] Proper control of the 
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compounding process and selection of correct processing parameters, in 
particular with the design of screw profile, is a significant factor in the 
quality of the final nanocomposite.[58]  
Twin screw extrusion has disadvantages, that could affect the incorporated 
nanofillers (e.g. MWCNT breakage at high-shear conditions). Great number 
of twin-screw extrusion of major engineering polymer-based 
nanocomposites exists. High impact polystyrene (HIPS),[63] polypropylene 
(PP),[64-71] acrylonitrile-butadiene-styrene terpolymer (ABS),[8,71-74] polyamide 
6 (PA6)[75-82] or polycarbonates (PC)[5,56,83-86] and polyurethanes (PUR)[87-89] 
are already widely investigated.  
Machine selection is an important part of the process of material preparation. 
The co-rotating twin-screw extruder is often employed in the initial part of 
this process and the presence of such technology in polymer processing 
industries gives various advantages. The factors controlling entire extrusion 
process include the machine integral parts (screw geometry, die geometry) 
and setting parameters (barrel temperatures, throughput, screw speed) 
related also with the material parameters.[90] The complex mutual 
dependences between these parameters seems to be commonly shown as a 
set included in the Specific Mechanical Energy (SME) which shows the final 
influence of the processing on the nanocomspoite.[91-92] Material conduction 
and dissipative melting mechanisms are used in twin-screw extruders during 
the processing.[93] Besides, an effective mixing of nanofiller and polymer 
matrix occurs when the kneading elements (Figure 2.1.5) are used in screw 
profile. Sufficient mixing forces are not provided when the regular 
(transporting) screw elements are used. Nevertheless, character of the 
screw should be balanced between mild and aggressive, taking into account 
matrix properties and effects influencing quality of the final material (e.g. 
carbon nanotubes shortening).[94] Final screw profile depends on the thermal, 
rheological and morphological characteristics of polymer, combined with 
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heat and shear sensitivity of this material. Mathematical calculation 
supporting the issue of screw profile selection usually gives positive results. 
Nevertheless, highlighting the critical points in the system for 
nanocomposites processing is still being developed.  
 
 
Figure 2.1.5: Elements increasing shear in twin-screw extruder.[90]  
 
Alig et al.[95] reported strong dependence between electrical conductivity, 
MWCNT content and processing parameters for nanocomposites based on 
polycarbonate. The destruction of nanofiller network and, thus a decrease of 
electrical conductivity was reported when a high screw speed was used. 
Primary- and secondary agglomeration theory explains nanofiller bundling 
what is related to electrical conductivity reinforcement in plastics.[56] 
Presence of tightly packed agglomerates in the nanofiller before extrusion 
makes de-agglomeration more difficult and, thus decreases the homogeneity 
of MWCNT dispersion. However, it is claimed that the size on carbon macro-
structures can be modified with changed shear conditions, e.g. with ball mill 
treatment of nanotubes before further processing.[96] Proper parameters 
(high screw speed, low barrel temperature) guarantee better dispersion, so 
increased contact between the individual nanotubes and matrix.  
 
2.2.1.2. Injection molding of nanocomposites 
Injection molding is one of the most widely used plastics processing method 
for the mass production of complex geometry parts. The well-established 
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technology offers complete solutions often accepted by the industry. The 
introduction of forming technology is focused on the key issues ignoring the 
principals of the process. Multiple effects were observed after the injection 
molding of the nanocomposites of polymer matrix filled with carbon 
nanotubes (e.g. nanotubes breakage or alignment).[97] The studies on 
macrofillers processing, sometimes extrapolated to nanofillers, revealed the 
significant damage of particles in the transition section of the screw.[98] 
Moreover, the presence of much shorter glass fibers in the skin region of the 
final specimen is compared with the central part of the sample.[99] These 
results can give frames for the results expected on nanocomposites. 
Furthermore, it is reported that the distribution of fiber-like filler in the 
whole specimen depends on the filler length. Considering double processing 
of carbon nanotubes (compounding followed by injection molding), it is 
rather difficult to maintain the initial nanofiller length.  
Important role of processing parameters in injection molding were studied 
on various nanofiller-based systems.[52,60] Kim et al. reported the influence 
of the holding and injection pressures, mold temperature, and injection 
speed on the morphology of the final specimen of PA6 filled with MWCNT.[52] 
Observations show that the latter two parameters have the greater influence 
on electrical conductivity of the final part. Gate position in the mold was also 
investigated, although the results seem to be not clear. Pötschke et al. 
reported behavior of PC/MWCNT with 2 wt. % and 5 wt. % nanofiller 
loads.[60] Increase of injection speed and decrease of melt temperature is 
responsible for high orientation of the nanofiller. Formation of the 
nanotubes network leads to the increase of electrical conductivity of up to 
six orders of magnitude when the opposite trend of aforementioned 
parameters is used.  
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Figure 2.3.6: Time layout of injection molding cycle.[100] 
 
Besides, precise characterization of the injection molding process requires 
an introduction of the injection cycle – the basic process repeated during the 
production (Figure 2.3.6). Melt injection into the mold cavity is followed by 
the application of holding pressure compensating the shrinkage of the 
material. Moreover, during the latter process the pressure applied to the 
material possibly affects the final morphology of the nanocomposite. 
Therefore, the optimization of conditions by proper selection of pressures 
and temperatures reduces thermal degradation and the common defects, 
e.g. short shot or flashing.  
Regarding the high quality of specimens, many factors need to be optimized 
and monitored with the respect to the melt fluidity, processing temperatures, 
and overall melt process ability. Keeping the responding parameters on the 
constant level throughout the production is a key issue as well. Injection 
molding is based on the heat exchange between the machine and the 
Chapter 2 
Literature review 38 
material, so the thermal balance during the processing is determining the 
quality of the final element. In a case of mass production, the importance of 
injected parts reproducibility and the precision of dimensions decreases for 
economic reasons, favoring shorter cycle.[80]  
 
Polymer-carbon nanotubes nanocomposites processing by injection molding 
gets more attention in the literature during the last years. Additionaly, 
various modifications of the common aforementioned method were 
introduced in order to improve the final morphology and properties of the 
nanocomposite. Shang et al. showed the injection molding of PP/MWCNT 
nanocomposites involving study of the influence of vibration field on the 
final morphology and electrical properties of the specimen.[55] Unexpected 
results showed values relatively similar to the compression molding, which 
usually only slightly affects morphology. Steady electrical conductivity is 
achieved most probably due to contacts between oriented carbon nanotube 
bundles. Furthermore, the quality of injection molded specimen can be 
improved with the change of the gate position and controlling the melt flow 
management in the mold.[52] Other issue, related almost exclusively to 
electrical conductivity, is the time after which the carbon nanotube network 
recovers in polymer melt during the short injection molding cycle. This time 
is relatively long and sometimes is interpreted as a proof for difficulty of the 
full network recreation.[97] Besides, with the change of mold temperature the 
differences in MWCNT and polymer flow were reduced causing significant 
increase of morphology along the whole specimen.[52]  
Injection molding of polymer blends filled with MWCNT, is not a subject of 
intensive studies. Similarly to twin-screw extrusion, additional issues of 
phases compatibility occur. Li et al.[101] shown the formation of PC 
microfibrils reinforced by MWCNT in PP matrix. After the injection molding 
the carbon nanotubes remains almost exclusively in PC, which is in 
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agreement with the aforementioned results.[5] These results contradict with 
the other published statement[102] about the MWCNT presence in both 
phases of PC/polyolefin nanocomposite. Nevertheless, various 
nanocomposites formation methods and different characteristics of both 
nanocomposites could have influenced migration of the nanofiller.  
It has been reported that injection molding gives less homogeneous 
dispersion of the carbon nanotubes and greater dependence of the final 
material on processing parameters than compounding.[59-60,103] The 
difference of nanofiller concentration in several areas of the injected sample 
as a consequence of the shear-induced flow is also a drawback in this 
technology. Studies carried out on injected samples of polycarbonate by 
Park et al. show the differences in nanofiller concentration between different 
parts of the specimen.[52] Though injection molding is a complex process 
controlled with many parameters, usually the melt temperature[104] and 
injection speed[60] are chosen as main factors influencing electrical 
conductivity in injection molded carbon nanotubes-filled nanocomposites.  
 
2.2.2. Properties of MWCNT nanocomposites 
2.2.2.1. Morphology of MWCNT nanocomposites and 
MWCNT functionalization  
Improvement of Young modulus and tensile strength with just unitary 
addition of carbon nanotubes is an average range of 30 % of the initial 
value, which makes MWCNT one of the best known materials to be mixed 
with commercial plastics. The requirements for mechanical reinforcement 
can be summarized with the respect to the filler as: high aspect ratio, best 
possible dispersion and alignment, centers of interfacial stress transfer 
distributed in the whole specimen volume.[51,105-107] Material with some 
degree of nanofiller alignment is expected in fibers but not in constructing 
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material.[27] Incorporating carbon nanotubes into the polymer matrix can be 
done with the previous formation of chemical bonds between the rolled 
graphene surface and macromolecules. The destructive method is favorable 
only in some cases.  
Pötschke et al. reported the study of the type of carbon nanotubes on the 
PC-based nanocomposite.[59] Various commercially available nanotubes are 
mixed with the same plastic giving different results. The dependence of 
nanofiller sedimentation was checked with the respect to conductive 
network formation and compared to the nanocomposites production by 
masterbatch dilution. Results recorded for various processing parameters 
show the individual carbon nanotubes for low processing temperatures and 
short pressing time. High temperatures promoted secondary agglomeration, 
though. The primary- and secondary agglomeration relates to the recreation 
of network after the nanocomposite processing. Primary agglomerates 
present in raw nanofiller material are destroyed during the nanocomposite 
formation. Further processing result with the formation of secondary 
agglomerates. Additionally, the appearance of similar particles is compared 
with the other thermoplastic materials and with epoxy resins.  
Agglomeration was also investigated by Pötschke et al.[108] in 1.0 wt. % 
MWCNT nanocomposites. Mainly particle formation mechanisms were 
studied including the rupture and erosion. The stress applied to the 
nanomaterial differs dependently on the compound. The observation shows 
both mechanisms responsible for agglomerates formation when low screw 
speeds are applied, while rupture dominated at higher speeds. PC/MWCNT 
material was studied in order to determine the viscoelastic behavior 
dependence on the nanocomposite formation.[102] The results collected on 
compression molded specimens clearly show the relation between the 
viscosity and the storage modulus. Besides, loss modulus shows similar 
behavior at lower strengths. Carbon nanotubes tend to cause the increase of 
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viscosity. Above 2.0 wt. % a large decrease of viscosity with frequency 
appears showing non-Newtonian behavior at low frequencies. Such 
rheological threshold is slightly higher than the electrical percolation 
threshold (between 1.0 wt. % and 2.0 wt. %). Besides, the higher viscosity 
values than in material based on nanofibers or on carbon black can be 
explained as a dependence on the high aspect ratio of carbon nanotubes. 
An interesting comprehensive research results are published by Youn et 
al.[50] showing the influence of filler geometry on the selected properties of 
PC nanocomposites. Composites are formed by melt mixing with various 
fillers: carbon black, graphite nanofibers and carbon nanotubes. Percolation 
threshold is observed in the latter case between 1.0 wt. % and 3.0 wt. %. 
The final conductivity is reported as 10-3 Sm-1. Carbon black/polycarbonate 
and graphite nanofibers/polycarbonate showed Newtonian behavior, just like 
the pure PC matrix. This is similar to the nanocomposite reported by 
Pötschke et al.[83] with MWCNT load below 2.0 wt. %.  
 
Better carbon nanotubes dispersion is achieved in compression molding than 
in injection molding.[53] TEM micrographs of the layers cut with the different 
distance from the specimen edges provide the image of skin effect in 
injected samples. Samples with rather high resistivity show the best 
nanotubes alignment. Spatial statistics are estimated for PC/MWCNT 
nanocomposite and the parameters are ordered with the following order of 
importance: MWCNT content (first order parameter), dispersion together 
with the distribution and alignment (second order parameter). The 
incorporation of additional elements into the structure results with more 
variables. More materials are investigated, including: polystyrene/MWCNT,[63] 
poly(styrene-co-acrylonitrile)/MWCNT (SAN/MWCNT)[109] and finally to 
terpolymer-based nanocomposite poly(styrene-co-acrylonitrile-co-
butadiene)/MWCNT (ABS/MWCNT).[8,72-73,75] This brings the investigation to 
Chapter 2 
Literature review 42 
the desired point: PC/ABS-MWCNT nanocomposite[4,5] and PC/ABS as a final 
material.[74,150]  
Orientation of nanotubes in skin layer was found in samples processed with 
high injection speeds and reduced temperature, while the opposite 
sequence of parameters gave no alignment.[60] Holding pressure and mold 
temperature seems to have little influence on the final properties while melt 
temperature is an important factor. Carbon nanotubes orientation in the 
final nanocomposite and agglomeration effect appearing during injection 
molding has been investigated with rheology tests showing the indication of 
nanofiller alignment sensitivity to the high shear conditions.[103] Visco-elastic 
properties of matrix in presence of nanofiller network is strongly related to 
CNT re-agglomeration process. Further process modifications reported by Li 
et al. showed the polypropylene-MWCNT reinforced with polycarbonate 
micro-fibrils and the relation between dynamic sample production.[101] Shear 
controlled orientation injection molding has been compared with the 
conventional process. The dynamic samples show clear improvement over 
the conventional ones, indicating also carbon nanotubes located in the 
micro-fibrils and aligned along their long axes. 
 
 MWCNT functionalization for polymer nanocomposites 
Grafting polymer chains to the nanostructures makes the whole system 
miscible in proper matrixes and improves the viscoelastic behavior as well as 
mechanical properties. Although there are significant benefits from such  
a treatment, the decrease of electrical properties occurs in covalent 
modifications due to the fact of interrupting in π-networks on the single 
nanotubes.[106] Macromolecules have great spatial hindrance and reduced 
chemical reactivity – both facts are the disadvantage in grafting-to method 
based on formation of only small number of covalent bonds in the process. 
Pre-synthesized olygomers or polymers terminated with the functional group 
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are connected to the oxidized carbon nanotube by carboxylic groups. 
Diffusion of the consecutive macromolecules after first part of the 
functionalization process is hampered by the already attached chains which 
causes rather low grafting density in this method. Other limitation is  
a necessity of terminating polymers with an appropriate functional group 
ready to react with an active center on MWCNT surface. The last argument 
is difficult to avoid because of the chemistry of carbon nanotubes and 
conditions of the functionalization process often carried out with 
condensation mechanism. Radical mechanism, nucleophilic coupling and 
nucleophilic addition mechanisms are also investigated, but the efficiency in 
the former one is highest. The possibility of using commercial 
macromolecules with well-known weight distribution is beneficial for the 
industry. Examples of amine-terminated polymers are present in the 
literature already.[106] Improvement of grafting-to method was made to 
increase reactivity of side groups. Grafting-from is the result of this work 
with an advantage of controllable and designable process. Method is based 
on growing polymer chains from the active centers on carbon nanotubes 
surface by surface-initiated polymerization, which is a one-pot reaction with 
surface-oxidized MWCNT as a starting material. Obtaining great molecular 
weights (MW) of carbon nanotube side chains is not limited by the diffusion 
problems as the molecules in motion are no longer macromolecules. High 
density grafting is reachable much easier because the equal growth of 
terminal nanotube substituent and equal level of accessibility to the active 
centers (for monomers) in every moment of the process are provided. 
Various methods are used to carry out such functionalization, with the use 
of main types polymerizations including ionic,[110-112] redox[113] and 
metallocene catalysis[114-115] as well as electrochemical grafting[116] used 
widely e.g. in liquid crystalline polymers engineering. Other, more 
sophisticated methods of grafting polymers on MWCNT are being 
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investigated: atom transfer radical polymerization (ATRP),[117-118] reversible 
addition-fragmentation transfer (RAFT),[119-120] ring opening polymerization 
(ROP).[121-122] The solution of some synthetic problems may be application of 
mixed mechanism. The reactivity of carbon nanotubes is sensitive to the 
curvature and surface defects density.[123] Application of wet chemical 
oxidants,  
e.g. acids and mixtures or peroxides and ozone gives conclusion of the 
sensitivity of product creation on the type of oxidant over the reaction 
conditions. Less aggressive chemicals (H2O2, (NH4)2S2O8) gave greater 
number of hydroxyl and carbonyl groups, while the aggressive oxidants (e.g. 
HNO3, KMnO4) result with the high fractional concentrations of carboxyl 
groups. Kim et al. report the amidation, esterification, thiolation and 
silanization as the most common ways of carbon nanotube surface 
modification.[124]  
The other possibility of functionalization is the physical absorption of  
π-conjugated polymers or polymer chains with heteroatoms in the structure 
on MWCNT surface. Clearly weaker interactions can be obtained with 
wrapping chains around the nanotube. Besides, the influence on mechanical 
properties of pure nanostructure is remarkably lower with an advantage of 
almost unchanged π-network. This is related to the charge mobility retained 
on high level.[106] Such an option is often utilized when MWCNT are modified 
with the surfactants and no chemical bonding occurs.  
 
2.2.2.2. Mechanical properties of MWCNT nanocomposites 
Multi walled carbon nanotubes, due to their size comparable with the size of 
polymer chains and related interactions provide improvement of mechanical 
properties. An example increase of Young modulus is observed for PA6/ABS 
blend and for Nylon 6 with 7.5 wt. % and 2.0 wt. % MWCNT, respectively. 
The final result is 1.24 MPa for PA6 and very similar improvement observed 
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for the blend. This is 153 % of the pristine matrix and cannot be compared 
with any other filler.[27] Poor dispersion of carbon nanotubes in polymer 
matrix is usually directly influencing the main mechanical properties. The 
decrease of mechanical stability is caused by the formation of 
agglomerates.[51,106,125] Due to this, stress in distributed in nanocomposite 
not in a regular manner. The usual distribution through the individually 
dispersed carbon nanotubes is changed to the partial distribution through 
the agglomerates acting as macrofillers. Furthermore, the higher the 
distance between individual nanotubes the more stress is transferred to the 
matrix. This can be checked with a relatively high accuracy by Raman 
spectroscopy. Band near 1550-1600 cm-1 varies if the nanotubes are under 
tension.[126] Mechanism responsible for mechanical reinforcement is limited 
after reaching the maximum strength value for the nanocomposite with the 
debonding of the matrix-filler surface. The value of interfacial stress share 
(IFSS) responsible for this effect is reported below 100 MPa for common 
commercial polymers. This value is improved after the incorporation of 
MWCNT.[77,127] 
Fortunately, from the economical point of view, MWCNT are giving the 
highest improvement of mechanical properties, although the stress strength 
exhibits lower values than it is expected from computational studies.[35,61,71]  
 
2.2.2.3. Electrical properties of MWCNT nanocomposites 
Great majority of many outstanding carbon nanotube properties, able to 
carry the immense current 100 MA/cm2, is related in some way to electronic 
properties. Electrical conductivity of one-dimensional structures like carbon 
nanotubes occur over the tube lengths enabling them to carry high voltages 
without any significant energy wastes, e.g. in the form of heat emission. 
The change from the semi conductive to metallic character of carbon 
nanotubes depends on chirality of the hexagon cylinders.[52] Electrons, as 
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well as phonons, can be easily transported through the single nanotube[12] 
which explains potential application in optoelectronic technology. Electrical 
conductivity, next to mechanical properties is one of the most significant 
characteristic of polymer-carbon nanotubes nanocomposites. Early report of 
the charge mobility improvement in such materials was investigated on the 
substituted polyvinylene (PmPV). The lowest measured conductivity was 
reported to be 104 Sm-1 in PMMA with SWCNT treated with SOCl2.
[128] Such 
huge matrix electrical conductivity improvement of hundreds orders of 
magnitude shows an enormous importance of these nanocomposites in 
industry. Possible applications like optoelectronic memory devices with 
charge storages in nanotube composite transducers[22] can be significant in 
the future. Network formation from the not entangled carbon nanotubes 
provides good charge-path system dispersed in the matrix.  
Percolation threshold (Figure 2.1.7) tends to be the most often mentioned 
property in the related literature.[8,45,50,56,77,83,93,129] This parameter is  
a mathematical term describing the randomly formed network and 
probability of interconnection between particles. Lattices of filler in matrix 
are theoretically forming ordered or random pattern described 
mathematically. Fillers of various shapes are defined in systems, e.g. discs 
oriented in the three-dimensional space making a fine model for graphene 
dispersions.[130] The value of percolation threshold changes with many 
factors. Carbon nanotubes percolation is sensitive to the wall-multiplicity and 
the purity. Besides, eventual functionalization or further processing methods 
show some influence. The most efficient mass load of carbon nanotubes in 
the composite given by Bauhofer et al. on the electrical behavior of MWCNT-
filled nanocomposites is 0.2 wt. % for nearly every MWCNT system in the 
single-phase matrix.[128] This value is based on an average load described in 
a large number of related articles. Nevertheless, there is a deviation from 
this value for epoxy composites, due to the different matrix character and 
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the higher possibility of self-creating network exhibiting kinetic 
percolation.[43,131-133] However, kinetic percolation is mainly investigated in 
the polymerization systems with the respect to monomer concentration and 
is rather absent in industrial approaches.[131]  
 
 
Figure 2.3.7: percolation threshold scheme – material filled with particles differing 
in size.[134] 
 
In general, thermosets differ in properties from thermoplastic composites, 
also in relation between the filler concentration and its alignment, melt 
rheology and the conductivity of the final specimen. Percolation threshold in 
the former materials is situated above the rheological threshold, which is 
opposite to the thermoplastic nanocomposites.  
Two main often measured parameters of electrical properties in carbon 
nanotube-filled nanocomposites are surface and volumetric conductivities. 
The former one is more dependent on the filler load showing the decrease 
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of increasing MWCNT load for compression molded specimens, just until 
reaching the point of the network formation.[74] However, after the 
percolation threshold the decrease of the influence on surface conductivity 
appears. For more complex system of injection molded samples, this 
parameter is greater in the same nanotubes load. Conductivity measured in-
line in injection molding machine on PC matrix with MWCNT, showed the 
greater dependence on throughput and temperature than on the other 
parameters. Up to 7 orders of magnitude differences were observed with 
just a slight variation of these factors.[74] Shear or elongation stress can also 
break the alignment of nanofiller network resulting in the conductivity drop. 
Furthermore, electrical conductivity recovery was observed during the 
rheology testing. After the shear forces were stopped, carbon nanotubes 
network is rebuilt. Alig et al.[74] reported a bunch of inline and offline 
experiments with conductivity measurements carried out directly in the melt 
near the screws or outside the machine, respectively. These experiments on 
the injection molding machine or extruder gave the image of how the 
conductivity of polymer-MWCNT nanocomposite is influenced by shear. Few 
factors were reported to have higher significance. Vitrification for 
amorphous polymers or crystallization for semi-crystalline ones and the 
reorganization of MWCNT network are mentioned. Besides, mold and melt 
temperatures influence the conductivity of the specimen as well. However, 
the former parameter is clearly more significant[60] The best conductivity 
values are obtained at rather high melt temperature but low injection 
velocity. The temperature decrease in the mold during the lateral steps of 
the injection cycle seems to play an important role, too.[52] Uneven cooling 
causes the differences in conductivity between two opposite specimen edges. 
Mold wall that has higher temperature promotes particle migration and re-
organization due to decreased viscosity. Furthermore, some semi-crystalline 
materials after the temperature treatment above the Tg show the affection 
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of crystallization behavior.[135] In that case also toughness characteristics are 
changed due to the heat exchange modifications. Opposite theory says that 
slow cooling would promote crystallization and further change of the filler 
alignment.  
PC is a plastic with a possibility of great prospective electronic application. 
This is due to the relatively good control of the nanofiller dispersion. An 
example of such study is a formation of MWCNT conductive layers in 
polycarbonate substrate, which can be used in antistatic application.[136]  
In-line measurements show the possibility of conductive network re-creation 
in PC melt with 0.5 wt. %, 0.875 wt. % and 2.0 wt. % of MWCNT.[95] 
Experiment set up was based on a slit dye in the outlet of a twin-screw 
extruder equipped with pressure, temperature and electric sensors. After 
stopping the extrusion and keeping the parameters constant the 
conductivity of the material increased. Such recovery of electrical 
conductivity is similar to the results of the experiment carried out on PA6. 
This can be understood as a minor dependence of the sample crystallinity 
on the studied effect. Conductivity of polycarbonate measured in shaped 
samples was done by Alig et al.[56] on material with the nanofiller 
concentration between 0.5 wt. % and 5.0 wt. % prepared by melt mixing 
with 15 wt. % masterbatch dilution method. Percolation threshold occurs 
between 1.0 wt. % and 1.5 wt. %. The experiment was done in internal 
mixer with 5 minutes of resident time in extruder. The standard industrial 
machines with higher screw speed provide the resident time not longer than 
90 seconds. This publication is based on dielectric spectroscopy used for 
nanocomposites morphology evaluation.  
Further processing after nanocomposite creation is based on injection 
molding, as it is stated above. Villmow et al. shows the dependence of 
polycarbonate filled with 2.0 wt. % and 5.0 wt. % MWCNT on processing 
parameters during injection molding.[60] Holding pressure, injection speed 
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and temperatures of melt and mold were studied as factors determining 
surface and volume electrical conductivity of the final material. These 
parameters should be chosen respecting the nanotubes content in the 
material. Besides, obvious presence of skin effect mentioned elsewhere as  
a principal of this processing method is also reported.  
Chandra et al. reported varying electrical resistivity across the length and 
the width of injected PC specimen independently of process parameters[137] 
Electrical conductivity was higher in regions farthest from the injection gate 
and in the central part of the sample. The crystallization behavior of the 
matrix has been proved to be influenced by CNT presence in 
polypropylene.[65] 
 
2.2.3. Prediction of properties of MWCNT nanocomposites 
Experimental investigation of carbon nanotubes-based nanocomposites can 
be supported by the computational methods of mathematical modelling. 
There are suitable mathematical theories showing MWCNT behavior at 
various conditions as well as describing carbon nanotube-polymer 
composites.[138] However, due to the relatively new topic, nanocomposites 
are still not very well defined regarding the interactions between polymer 
chains and e.g. nanotubes. Two examples of mathematical models were 
compared Coleman et al.: Halpin-Tsai and Rule of Mixtures.[27] Both 
methods give values of the calculation results precise enough to estimate 
the influence of nanofiller load in the final material. The purpose of this 
estimation is an evaluation of the mechanical properties increase. However, 
there are some negative aspects in these methodologies. Halpin-Tsai 
method[139] has a disadvantage of underestimating the stiffness in high 
volume fractions, avoided in the second model. The Rule of Mixtures 
describes the composite with fillers as an elastic, isotropic matrix of well 
aligned, elastic fibers spanning on all the length of the specimen. Such an 
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inaccuracy of an idealized model contradicts with the actual situation, where 
the nanotubes are individually separated and fully covered by the polymer. 
Improvements of this method allowed introducing the Cox factor indicating 
the stress-transfer between carbon nanotubes and polymer matrix. Due to 
the huge difference between the specimen length and individual filler 
particles dimensions. Finally, the stress is controlled by matrix and 
nanostructures, not always as well dispersed and aligned as it was 
mentioned in the former model.[27] Besides, the estimated properties in the 
Rule of Mixtures are a volume-weighted average of matrix and filler. 
Commonly estimated shear and elastic modulus are supplemented by 
density, tensile values and Poisson’s ratio. Halpin-Tsai equations based on 
elastic calculations tend to be more exact, although good agreement with 
experimental data is reached mainly for semi-crystalline plastics. The 
geometry of filler plays an important role, as well as the entire packing 
geometry, defined as a sphere, a fiber or an intermediate.[139] Numerical 
tools are often used together with experimental methods in order to 
evaluate the actual state of material.[140] However, mathematical tools can 
play an important role in the final material design on many stages of this 
process, including experiment design and understanding of the results.  
Furthermore, mathematical model is developed at the initial stage of 
nanocomspoite formation in order to provide good control over all 
parameters. It causes difficulties with the randomly selected parameters, 
though. Apart from the mentioned basic factors, more mutually related 
parameters exist. The structure parameters are usually being calculated 
along with the dispersion control correlated with the morphology and the 
phase size distribution in the final material. This part follows the selection of 
process (throughput, temperatures and screw speed) and extruder 
parameters (L/D, screw profile). The final step of calculations after the 
verification of structure parameters is based on selection of target 
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parameters. This is done on the base of designed product properties with an 
appropriate mechanical and morphological characteristic of the final 
composite.  
 
The Tucker-Folgar mathematical model[141] is a common method used to 
predict the behavior of macro-scale fibers in injection molded materials.[142] 
Folgar and Tucker reported the asymmetrical behavior of the orientation 
curves of filler under a simple shear flow.[141] This method is a derivative of 
the Fokker-Planck method[143] modified by decreasing the number of 
numerical solutions. The necessity of such extended calculations the disable 
application of Fokker-Planck model to solve large scale industrial problems. 
Characteristics of such flow allow building the relatively precise 
mathematical model of the fiber-like filler alignment and orientation. Jeffery 
orbits effect[144] is one of the key behaviors defined in this case. Fibers 
aligned in an oriented flow slow down its rotation, while when the 
orientation of the particle is perpendicular to the flow, rotation increases 
again. Following Londono, the decrease of the fiber ratio increases the time 
it spends aligned with the flow and decreases the time it spends in 
rotation.[146] Anisotropic rotary diffusion was added to Jeffery-type model in 
order to improve definition of the fiber behavior.[146] This caused better 
fitting between the experimental data and the calculations, comparing to the 
isotropic Folgar-Tucker model. Another issue is related to the definition of 
the fiber itself. Commonly it is solved by regarding the individual fiber as 
made up of lined up spheres.[147-148] Each element of such system can 
independently bend or stretch showing high flexibility. Yamamoto and 
Matsuoka report also dependence on the fibers rigidity on the melt 
viscosity.[149] This is because of the change from the orientation in the flow 
direction to the planar orientation of rigid fibers. Nevertheless, the majority 
of mathematical calculations are related to the macro-scale systems with 
Chapter 2 
Literature review 53 
fillers defined as similar to e.g. glass fibers. Such models cannot be adapted 
for nanocomposites freely because the interactions between individual 
nanofiller particles and polymer chains are significantly higher than in the 
aforementioned systems.  
 
2.2.4. MWCNT nanocomposites of multiphase blends 
Polymer blends provide technological solutions due to the combination of 
parameters of the components. Usually, the formation of multi-phase blends 
are a compromise that need to made in order to develop the material. 
Miscible blends are a desired solution, but with moderate compatibility of 
components, like in polycarbonate/acrylonitrile-butadiene-styrene (PC/ABS) 
material, homogeneous morphology cannot be obtained.  
Formation of high impact polystyrene (HIPS) nanocomposite with multi-
walled carbon nanotubes is investigated by McNally et al. with the special 
influence of screw speed on electrical properties.[63] The desired parameter 
is improved 12 orders of magnitude regarding the pure matrix (resistivity 
varies between 10∙e4 and 10∙e16). Besides, the best dispersion is achieved 
with an intermediate screw speed rather than with the high value of this 
parameter. The authors claim that short resident time (caused by elevated 
screw speeds) promotes the formation of agglomerates. The G-band in 
Raman spectra characterizing MWCNT is shifted c.a. 24 cm-1, which is 
explained by the authors as a strong interaction between the two materials.  
For more complex matrices, e.g. blends, double percolation has to be 
considered as a parameter influencing final properties. Related research is 
done on polyamide 6 (PA6) with MWCNT melt-mixed with ABS.[8,75] Friedrich 
et al. observed that the nanofiller, at first located in PA6 matrix, after 
extrusion still shows the preference to stay in this material rather than in 
ABS.[75] Low filler loads (2.0 to 3.0 wt. %) give electrical conductivity onset 
due to the confinement of the conductive filler which is related to double 
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percolation. Comparing these results to the previous reported in this paper, 
PA6 showed better electrical conductivity improvement when is researched 
as mono-phase material than in co-continuous blend. However, it is also 
reported that the incorporation of carbon nanotubes into polymer matrices 
generally gives an improvement of electrical conductivity and in the same 
time slightly reduce the mechanical properties. Nevertheless, this reduction 
is smaller than in case of carbon black or other similar fillers often compared 
to MWCNT. ABS with various carbon nanotubes content tends to host 
nanofiller in SAN rather than in polybutadiene, which is confirmed by 
broadened Tg peak of SAN measured by mechanical spectroscopy.
[73] 
Mechanical properties and sound insulating properties as a function of CB 
content is reported as well.[72]  
The number of publications regarding an industrial blend PC/ABS-MWCNT 
nanocomposite rapidly decreases to only few from the significant number of 
over 650 published in 2013. Despite the research groups working on this 
matrix,[150] the importance of this work is still minor at the moment. Older 
research on this material and on the derivative: maleic anhydride grafted to 
ABS and further composed to PC/MABS, is based on rheology.[4] The 
deviation from the rule of mixtures between the composition containing 
between 25 and 65 wt. % of polycarbonate gives an idea of material 
behavior also respecting greater deviation for neat ABS over the modified 
ABS. In general, after blending the processability of PC is improved with the 
reduction of melt viscosity. More recent publication finally shows the 
incorporation of MWCNT into PC/ABS.[5] PC usually hosts the nanotubes, but 
this can be slightly controlled with the change of rubber content in ABS. This 
effect is explained by the kinetic and thermodynamic relations. The influence 
of MWCNT localization on electrical conductivity is shown as well. 
Conductivity increase is surprisingly reported in the material with MWCNT 
located in ABS that is dispersed in PC. Besides, the wetting test of carbon 
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nanotubes gives important information. PC/PB-MWCNT nanocomposite 
shows most of the nanofiller in polybutadiene phase while for PC/SAN-
MWCNT the majority of nanotubes is in polycarbonate.  
Pötschke et al.[102] investigated PC-MWCNT and PC/PP-MWCNT 
nanocomposites aiming to decrease the filler content and study the double 
percolation threshold phenomenon. The experiment of combining two 
immiscible plastics gives the co-continuous blend with PC/CNT load of 30 wt. 
% to 80 wt. %. Carbon nanotubes content of 0.4 wt. % improved electrical 
conductivity. Volume resistivity of the samples ranges between 1015 Ωcm-1 
before blending and 106 to 107 Ωcm-1 after the processing. Nanotubes are 
present in both matrices after extrusion which is confirmed by the selective 
PC extraction and following by the SEM investigation.  
Miscible- and multiphase polymer blends create over 36% of polymer 
production industry.[1] Development of nanocomposites based on such 
matrix filled with multi-walled carbon nanotubes (MWCNT) offer novel 
possibilities to produce materials with tailored properties. Both: miscible[151] 
and immiscible[5,152] blends exhibit desired performance characteristics after 
incorporation of MWCNT. PC/ABS blends filled with carbon nanotubes were 
studied by Xiong et al.[152] and Sun et al.[5] In both cases blends were 
prepared by researchers form the neat components and migration or 
controlled location of MWCNT was reported. Besides, affinity of carbon 
nanotubes to polycarbonate component at defined PC-to-ABS ratio was 
explained showing the challenge of achieving a uniform distribution of 
MWCNT in both components when commercial PC/ABS blends are used. 
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3. Materials and experimental methods 
 
3.1. Materials 
3.1.1. PC/ABS blend 
Matrix used in this study was an amorphous thermoplastic, commercially 
available polymer blend of polycarbonate (PC) with acrylonitrile-butadiene-
styrene copolymer (ABS) supplied by Bayer MaterialScience AG (Germany) 
as Bayblend®  T85. Selected data of the material is showed in Table 3.1.1. 
 
Table 3.1.1: Selected properties of PC/ABS blend.  
Property(1) Unit Bayblend®  T85 
PC content wt. % 85 
ABS content wt. % 15 
Density kg/m3 1150 
Melt volume-flow rate cm3/10 min 12 
Melt viscosity (260 ºC) Pa·s 290 
Tensile modulus MPa 2300 
Izod impact strength kJ/m2 50 
Vicat softening temperature (50N, 50 
ºC/120 ºC) 
ºC 129/131 
Flammability (UL 94) Class HB 
Volume electrical resistivity Ohm·m 1E14 
Surface electrical resistivity Ohm 1E16 
Water absorption (at 23 ºC) % 0.7 
(1) Data supplied by producer  
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3.1.2. Multi-walled carbon nanotubes (MWCNT) 
Two types of carbon nanotubes were used in this study. Commercially 
available multi-wall carbon nanotubes (MWCNT) supplied as NC7000 by 
Nanocyl (Belgium) of 90% purity were used as non-modified nanofiller. 
Surface-oxidized multi-wall carbon nanotubes (MWCNT-COOH) supplied by 
CheapTubes Inc. (USA) with 95% purity were used as modified nanofiller. 
Both materials were produced by catalytic carbon vapor deposition (CCVD) 
method. Parameters of the materials are presented in Table 3.1.2. 
 
Table 3.1.2: Comparison of MWCNT and MWCNT-COOH properties.  
Property Unit 
MWCNT  
(Nanocyl) 
MWCNT-
COOH 
(CheapTubes) Purity % 90(1)  95(1) 
Average length 
(TEM) 
μm 1.5(1) [0.7 ±  0.1](2) 0.5-2.0(1) 
Average diameter 
(TEM) 
nm 9.5(1) [10.4 ±  0.3](2) 8-15(1) 
Average aspect ratio  160 [70 ±  10](2) 30-250 
Surface area (BET) m2/g 250-300(1) [15 ±  4](2) 233(1) 
Density g/cm3  [1.85 ±  0.02](2) 2.1(1) 
Bulk density g/cm3   0.15(1) 
(1) Data supplied by producers; (2) Data from literature[54] 
 
3.1.3. Surfactant 
A non-ionic surfactant, Triton ®  X-100 (octyphenol etoxylate) was selected 
after comparison with other commercial surfactants (e.g. Tergitol ® , 
polyglicol ether) from Sigma Aldrich. The surface tension of Triton X-100 is 
higher than ethyl alcohol (below 24 dynes cm-1). The foaming index of 
Triton X-100, related to the effectiveness of surfactant, is higher than in the 
other surfactants considered for this study. The values of Triton X-100 are 
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shown in Table 3.1.3. Surfactant was used without additional treatment or 
purification. 
 
Table 3.1.3: Properties of Triton ®  X-100.  
Property(1) Triton X-100 
(S1) Surfactant character non-ionic 
Reaction(2) [pH] 6.0 
Density(3) [g mL-1] 1.061 
Viscosity(3) [Pas] 0.240 
Surface tension(3) [dynes cm-1] 33 
Foam height: 0min/5min(4) [mm] 128/107 
Molecular structure 
 
(1) Data supplied by manufacturer; (2) 5% aq. solution; (3) At 25 ºC; (4) According to 
Ross-Miles foaming test, 0.1 wt.% 
 
3.2. Melt processing conditions 
3.2.1. Instruments 
Nanocomposites were prepared by melt compounding on a Prism Eurolab 16 
(Thermo Fisher Scientific) twin-screw co-rotating laboratory extruder with 
barrel diameter 16 mm and barrel length L/D 25. Throughput during all 
experiments was set to 1 kgh-1. Screw speed was adjusted between 100 and 
600 rpm, dependently on the design of the experiment. Barrels temperature 
was maintained between 220 ºC and 280 ºC, following the recommended 
conditions of matrix supplier. No temperature profile was applied.  
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Figure 3.1.1: Screw design for PC/ABS-MWCNT melt compounding; conv. – 
conveying transport zones c-30, -45, -60, -90 – kneading conveying zones with 
elements twisted 30º, 45º, 60º or 90º; k-60 – kneading reverse zone with elements 
twisted 60º.  
 
PC/ABS was kept in a Conair dehumidifying hopper drier for 4 hours at  
100 ºC before the experiments to avoid degradation (hydrolysis) during 
processing.  
All experiments were conducted using the screw profile showed in Figure 
3.1.1, which was designed using Ludovic software package (Sciences 
Computers Consultants). Temperature and energy distribution along the 
screw was calculated using parameters from the AIMPLAS experimental 
database. Most significant energy applied to the material (based on 
calculation for masterbatch formation) during melt mixing was the dissipated 
energy coming from the screw (41 %) and the combined conduction energy 
coming from the screw and nozzle (47 %). The mean residence time for the 
material in the machine was 52.6 seconds ranging from 42 seconds to  
56 seconds.  
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Figure 3.1.2: Selected parameters calculated for melt compounding of  
PC/ABS-MWCNT nanocomposites: a) residence time and pressure during processing 
versus screw length, b) shear rate and solid volume fraction versus screw length.  
 
Figure 3.1.2 shows selected parameters depending on the position of the 
screw and kneading zones. According to Figure 3.2a the time in which the 
material passes the screw zones is significantly higher for kneading areas. 
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Moreover, pressure increases in these zones and an increased number of 
reverse kneading elements is present for both effects. Sudden increase of 
the shear rate presented in Figure 3.1.2b is related to the solid volume 
fraction. The remaining half of the total amount of polymeric matrix is 
melted when the material reaches first kneading zone. The presence of not 
melted polymer causes an increase in shear rate at around 100 mm distance 
from the feeding gate. The other two high-shear zones are related to the 
kneading elements.  
 
3.2.2. Nanocomposite processing routes 
Three main nanocomposite formation methods have been demonstrated in 
this work resulting in varied carbon nanotubes dispersion qualities in the 
PC/ABS matrix. Multi-walled carbon nanotubes, modified or non-modified, 
were used to form nanocomposites with concentrations between 0.5 wt. % 
and 5.0 wt. %. Nanofiller was fed to the machine in the form of powder, as 
a masterbatch or as a suspension in ethyl alcohol.  
 
3.2.2.1. Common nanofiller feeding method 
Nanocomposites were obtained by addition of MWCNT in the form of powder 
together with the matrix pellets through the principal feeding gate of the 
extruder (Figure 3.2.1). Multi-walled carbon nanotubes were fed to the 
extruder with a pneumatic feeder Brabender Flex Wall. Materials with the 
final nanofiller concentration were obtained in this way at various 
temperatures and with various screw speeds (Table 3.2.1).  
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Figure 3.2.1: Scheme of Powder method.  
 
Table 3.2.1: Samples obtained with Powder method.  
Sample code 
MWCNT  
concentration 
Screw speed 
Barrels  
temperature 
[wt.%] [rpm] [ºC] 
P 
1.0 200 280 
2.0 200 / 400 280 
3.0 100 / 200 / 400 280 
5.0 100 / 200 / 400(3) 280 
(1) Masterbatch 
 
3.2.2.2. Masterbatch dilution method 
Masterbatch with 5.0 wt. % MWCNT or MWCNT-COOH loading were 
prepared by the Powder method with screw speed of 400 rpm in both cases. 
Masterbatches were then diluted to the desired concentrations with various 
processing parameters (Table 3.2.2). Masterbatch pellets were fed together 
with the matrix pellets to the first feeding gate of the extruder. Figure 3.2.2 
shows that the pre-dispersed masterbatch requires one more processing 
step comparing to the powder method.  
 
Chapter 3 
Materials and experimental methods 64 
Table 3.2.2: Samples obtained with Masterbatch method.  
Sample code 
MWCNT  
concentration 
Screw speed 
Barrels  
temperature 
[wt.%] [rpm] [ºC] 
MB(1) 
0.5 400 / 600 260 / 280 
1.0 400 / 600 260 / 280 
1.5 400 / 600 260 / 280 
2.0 400 / 600 260 / 280 
2.5 400 / 600 260 / 280 
3.0 400 / 600 260 / 280 
MB-COOH(2) 
0.5 400 / 600 260 / 280 
1.0 400 / 600 260 / 280 
1.5 400 / 600 260 / 280 
2.0 400 / 600 260 / 280 
3.0 400 / 600 260 / 280 
(1) Nanocomposite with MWCNT; (2) Nanocomposite with MWCNT-COOH 
 
 
Figure 3.2.2: Scheme of Masterbatch method.  
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3.2.2.3. Suspension method 
A scheme of the suspension method is presented in Figure 3.2.3.  
A suspension of multi-walled carbon nanotubes in absolute ethyl alcohol  
(4 g/100 ml) was prepared by sonicating a stirring mixture with a Bandelin 
UV 2200 ultrasound probe for 5 minutes (20 W power). The suspension was 
fed by a Masterflex peristaltic pump, together with the pellets of PC/ABS 
blend, into the first feeding gate of the extruder. A vacuum was applied to 
the final extruder barrel to remove any residual alcohol from the final 
material, although, theoretically the solvent should evaporate immediately in 
the feeding region (ethanol boiling point: 78.5 ºC). Nanocomposites of 
various concentrations were prepared (Table 3.2.3).  
 
 
Figure 3.2.3: Scheme of suspension method.  
 
Additionally non-covalent modification of carbon nanotubes with surfactant 
was carried out within using this feeding method. Triton®  X-100 was added 
to the suspension of MWCNT in ethyl alcohol before being fed into the 
reactor using slightly modified processing parameters. 
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Table 3.2.3: Samples obtained with Suspension method.  
Sample 
code 
Additive 
MWCNT  
concentration 
Screw 
speed 
Barrels  
temperature 
[wt.%] [rpm] [ºC] 
S(1) 
- 1.0 400/600 220/240/260/280 
- 1.5 400/600 220/240/260/280 
- 2.0 400/600 220/240/260/280 
- 3.0 400/600 220/240/260/280 
S-Triton(2) 
S1 0.5 400/600 240/260 
S1 1.0 400/600 240/260 
S1 1.5 400/600 240/260 
S1 2.0 400/600 240/260 
S1 3.0 400/600 240/260 
(1) Nanocomposite with no additives; (2) Nanocomposite with Triton X-100;  
 
3.3. Sample preparation 
Rectangular and dog-bone shaped specimens prepared according to EN ISO 
527-3 were characterized (Table 3.3.1). Rectangular specimens tested for 
morphology, thermal-, mechanical-, electrical properties and flammability. 
Dog-bone specimens were tested for morphology and mechanical properties 
only.  
All nanocomposites were dried under vacuum at 110 ºC for 4 hours before 
processing.  
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Table 3.3.1: Dimensions of PC/ABS-MWCNT samples.  
Property Rectangular 
specimen 
Dog-bone specimen 
Shape 
 
 
 
Overall length 
[mm] 
60.0 ±  0.2 115.0 ±  0.5 
Gauge length 
[mm] 
- 35.0 ±  0.1 
Overall width 
[mm] 
10.0 ±  0.2 19.0 ±  0.1 
Gauge width [mm] - 6.0 ±  0.1 
Thickness [mm] 2.0 ±  0.1 4.0 ±  0.1 
 
3.3.1. Compression molding 
Compression molding was carried out at 260 ºC for the lower and upper 
plates on a Collin 6300 press. The five-step, 30 minutes-long program 
includes an increasing pressure gradient between the steps 1 and 4 finished 
with the mold cooling to 80 ºC. Program details are showed in Table 3.3.2.  
 
Table 3.3.2: Compression molding program details. 
Step Time [sec.] Pressure [bar] 
1st 240 2 
2nd 180 60 
3rd 180 120 
4th 300 210 
5th 900 70 
 
Additionally, discs with 30 μm thickness were compressed from pellets in 
order to investigate morphology of nanocomposites by light transmission 
microscopy. The compression was carried out using a Specac hydraulic press 
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at 260 ºC with aluminum discs separating press surface and the 
nanocomposite.  
 
3.4. Samples characterization 
All samples obtained by melt mixing were extensively characterized in the 
form of pellets or compressed bars with the most attended: morphology and 
electrical properties which are in the main interest of this work. These 
results were complimented with thermal, mechanical and rheological 
properties determination, and flammability testing. The effect of varying the 
processing parameters of the sample preparation on the final properties of 
the product could be determined using the further methods.  
 
3.4.1. Analyses of morphology 
3.4.1.1. Light Transmission Microscopy (OM) 
Theoretical background 
Optical microscopy is a useful characterization method that, depending on 
the experimental set-up, can provide various information of material 
characterization. The changes include, e.g. technique of illumination (light 
transmission or -reflecting microscopy), contrast mode (conventional bright 
field- or polarized light microscopy) or lens configuration (single lens- or 
compound microscopy). A typical microscope contains a light source, 
condenser lens, objective lens and projection (ocular) lens.  
Light-transmission microscopy bases on the interaction between light and 
sample, and refraction of this light by the set of lenses. Figure 3.4.1a shows 
the scheme of light path between the source and the image plane. Poor 
contrast occurs when there is insufficient light in the projection plane. This 
can be reduced by application of Köhler illumination which involved the 
defocusing of the light source Following the research needs, multiple-lens 
microscopes are currently used, where double magnification occurs: by 
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objective lens and by ocular. This system allows separating light transmitted 
through (or reflected by) the sample between the objective and digital 
camera. In this case image is collected with improved numerical aperture NA 
and reduced chromatic aberration improving resolution d. 
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Maximum obtainable magnification of 1500x relates to image resolution, 
limited by the wavelength of light (370-740 nm) and is a sum of objective 
and lens magnification. The concept of numerical aperture based on light-
collecting ability (α – light reflection angle for medium) of the lenses 
introduces oil replacing air as medium surrounding optics (Equation 3.1). 
More favorable refractive index n of oil improves the final resolution 
(Equation 3.2). Another issue of transmission light microscopy is optical 
aberration, which relates to the complexity of white light. Wavelengths of 
light beam passing through the peripheral part of lens are not brought into 
the same point with the beam passing through its center, which causes 
chromatic or spherical aberrations. Most common solution for this problem is 
replacing one lens with the set of lenses with different curvature and made 
of various materials.  
 
Methodology 
The dispersion quality of the nanocomposites was studied on Leica DMRX 
light transmission microscope using the Leica Application Suite. Carbon 
nanotubes agglomeration was analyzed using the Leica Materials 
Workstation software. Samples were cut on a microtome to slices of  
30-45 μm. The total possible area of at least three discs or slices of each 
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material was investigated and representative images in two magnifications 
were collected. Particle distribution, carried out for selected nanocomposites 
after melt mixing, was determined based on ten images taken in different 
discs of the same material. The limit of agglomerate detection for this test 
was 5 μm due to ISO 18553 and to avoid errors of imperfections on the disc 
surface.  
 
 
Figure 3.4.1: Scheme of a) light transmission microscope and b) transmission 
electron microscope; A – light source, A1 – electron gun, B, B1 – condenser lens,  
C, C1 – specimen, D, D1 – objective lens, E, E1 – Projection lens, F, F1 – image plane.   
 
3.4.1.2 Scanning Electron Microscopy (SEM) 
Theoretical background 
The magnification limit of light-transmission microscopy allows observation 
objects with 1 μm scale. Further magnification to nanometric scale requires 
employment of electron microscope (EM). In order to carry out EM, the 
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sample must be conductive which can be achieved by coating with 
conductive medium before measurement. Common materials to increase EM 
sample conductivity included gold, platinum or carbon which is by physical 
vapor deposition or sputtering.  
Figure 3.4.2 shows a scheme of a scanning electron microscope and the 
source. An electron beam thermionically emitted from electron gun goes 
through the set of condenser lens and hits the sample under vacuum 
conditions. The Lorenz force controls the diameter of the beam and the 
strike point on the sample surface by electromagnetic lenses. Electrons after 
interaction with the specimen are collected giving information about near-
surface region. In a whole range of reactions, e.g. back-scattered electrons 
or X-rays radiation, secondary electrons play the crucial role as a main mean 
of the final image.  
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The resolution of the SEM experiment (Equation 3.3) depends on radiation 
wavelength, λ, and numerical aperture (Equation 3.1). The angle of 
reflection, α, is c.a. 70º in optical microscopy and below 1º for SEM which, 
together with the change other parameters, gives the difference in 
theoretical maximum resolution between 0.21 μm and c.a. 4 Å, for optical 
and scanning electron microscopy respectively. Magnification in scanning 
electron microscope is controlled by reduction of area swept by electrons, 
changing the current in scanning coils.  
A significant problem in electron based microscopy is the charging the 
sample by the electron beam. This causes distortions in the image and 
unwanted contrast increase. Preventing this phenomenon is usually done by 
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proper selection (reduction) of observation parameters: vacuum quality and 
accelerating voltage.  
 
 
Figure 3.4.2: Scheme of scanning electron microscope and electron gun;  
A2 – electron gun, B2-1, B2-2, B2-3 – condenser lens, C2 – specimen, F2 – signal 
detector, a) – cross-over, b) – bias resistor, c) – filament current supply.   
 
Methodology 
Nanocomposite samples were studied on JEOL 7001F scanning electron 
microscope with electron gun ranging between 0.1 kV and 30 kV. Samples 
were previously platinum-coated using sputtering device Baltec SCMCS010 
and evaporator Fisons Polaron SC7650. Software used for images acquisition 
was INCA Wave 200. Images were collected with electron gun voltage  
5.0 kV with magnification between 103 and 105 times.  
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3.4.1.3. Transmission Electron Microscopy (TEM) 
Theoretical background 
Transmission electron microscopy (Figure 3.4.1b), a derivative of the 
scanning electron microscopy, allows penetration and observation of internal 
structure of the sample. Instrument components include electron gun as  
a source and electromagnetic lenses used for controlling beam parameters, 
similarly to SEM. The sample is located between objective lens and 
condenser lens, on electron beam path so electrons pass through the 
sample returning an image on fluorescent screen.  
The specimen for this test is a 1μm-thick slice cut from bigger piece with 
keeping the characteristics of the material. Thickness of the slice has to be 
controlled to avoid beam spreading inside the sample. Such piece is placed 
on copper grid which provides conductive contact.  
TEM methods are susceptible to image distortions and artifacts. 
Conventional TEM (CTEM) is sensitive to aberration of objective lenses while 
scanning TEM (STEM) is sensitive to beam diameter.  
Corrections of spherical and chromatic aberrations are present in both 
instrument types as well. Moreover, resolution limits related to this can be 
significantly changed, allowing determination of atom positions.  
 
Methodology 
Transmission electron microscopy images of nanocomposites were collected 
on JEOL JEM-1010 with electron gun at 100kV and a MegaView III digital 
camera. Samples were prepared on a copper grid (300 mesh) and coated 
with carbon film.  
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3.4.1.4. Raman spectroscopy 
Theoretical background 
Raman spectroscopy is a vibrational spectroscopic technique which provides 
information on specific functional groups and overall symmetry of the 
material. A basic Raman spectrometer contains an excitation source,  
e.g. laser, light collection optics, wavelength selector and detector.  
The method observes the inelastic scattering of light after interaction with  
a sample. The resulting spectrum depends on the change of molecular 
polarizability. Absorbed light excites the molecule from the ground state to  
a higher-energy virtual state (Figure 3.4.3) which then undergoes relaxation 
and reemission of the photons at a different frequency. This shift contains 
information about low frequency transitions in the material (e.g. vibrational 
or rotational deformations)  
There are three main possible outcomes of interactions between the sample 
and photon during Raman spectroscopy (Figure 3.4.3). The overwhelming 
majority is classified as elastic Rayleigh scattering, where the excited 
molecule returns to the same vibrational state and emits a photon with the 
same frequency as the incoming radiation. Elastic scattering does not give  
a signal in Raman spectroscopy. Stokes- and anti-Stokes frequencies occur 
when the incoming photon either gains or loses energy, respectively. The 
difference between these two incidents is related to the change of frequency 
between absorbed and emitted photons. For Stokes scattering no full 
relaxation is observed giving lower frequency of emitted photon (Figure 
3.4.3). The anti-Stokes frequency is higher than the Rayleigh frequency due 
to the excitation of molecule being already on the other than the ground 
vibrational state. Relaxation occurs to the ground state causing higher 
emitted than absorbed energy.  
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Figure 3.4.3: Diagram of energy states involved in Raman signal and scattering 
types: Rayleigh (a), Stokes (b) and anti-Stokes (c).  
 
Methodology 
Raman spectroscopy was carried out on a Horiba XploRA instrument with  
a Olympus BX41 light reflection microscope, LCS-S-11 laser source and an 
air-cooled CCD detector. Two wavelengths were used during measurements: 
532 nm or 785 nm with radiation filters 300 μm (hole) and 50 μm (slit). 
Slices from the cross-section of rectangular sample were investigated. The 
experiment was divided in to two parts with principal spotted the region on 
the surface of the sample with microscope. Then the spectrum was collected 
with the laser beam hitting the selected point.  
 
3.4.2. Thermal properties 
In the study of thermoplastic polymers, temperature is an important 
consideration for processing and application. An increase in processing 
temperature can change the polymer viscosity, it’s response to shear rate, 
ability to disperse fillers, increases degradation or influence final visual 
properties. In terms of material application, processing temperature is also 
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an important factor influencing polymer state at Tg which results with 
changes of mechanical properties of the final part.  
 
3.4.2.1. Differential Scanning Calorimetry (DSC) 
Theoretical background 
The state of matter changes with temperature giving indication of material 
properties. Heat effects associated with phase transitions are recorded as  
a function of time and temperature during differential scanning calorimetry 
(DSC) measurements. Characterization of polymers results usually with glass 
transition temperature (Tg) or melting point (Tm) for amorphous or semi-
crystalline materials, respectively. Additionally specific heat and purity of the 
sample can be determined.  
 
(3.4)     
dt
dH
dt
dq
p






 
(3.5)    
referencesample dt
dH
dt
dH
dt
dH












  
 
A typical DSC instrument is pictured schematically in Figure 3.4.4 and 
contains an aluminum pan with the test sample and an empty pan used as  
a reference. Both are located in the chamber purged with an inert gas. Both 
pans are heated with the defined rate and the heat exchange differences 
between the sample and the reference is continually corrected. Typically an 
experiment includes heating and cooling cycles that usually follow heating 
performed in order to erase the thermal history of the material. The 
resulting heat exchange differences recorded at the constant pressure 
(equal to enthalpy change dH) as a function of temperature (Equation 3.4) 
can be explained as a heat flow change (Equation 3.5). Dependently on the 
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endo- or exothermic character of the process, heat is absorbed or emitted, 
respectively. These effects are shown in Figure 3.4.4 as a response on the 
heat flow curve.  
 
 
Figure 3.4.4: Scheme of DSC instrument with resulting curve.  
 
Semi-crystalline polymers undergo glass transition, which is simply change 
between brittle and rubber-like state, not being a phase transition of any 
kind. Relaxation of polymeric chains interactions related to free Gibbs energy 
appear above characteristic temperature, so immiscible polymeric blends 
show individual Tg for each phase. Parameter more representative for 
material and not dependent on heat exchange rate commonly measured by 
DSC is heat capacity, Cp (amount of heat required to rise the temperature of 
1 g of material of temperature 1º). During the experiment, this is measured 
as an absolute value of the heat flow dH/dt divided by the heating rate, 
which is shown in Equation 3.6.  
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Methodology 
Differential scanning calorimetry measurements were carried out on Perkin-
Elmer Diamond DSC. Approximately 10 mg of the samples in the form of 
pellets were placed in aluminium pan closed with lid. The lid was pierced in 
order to release eventual gases. Samples were initially heated in 
temperature range between 20 ºC and 200 ºC with a heating rate of  
20 ºCmin-1. This run was performed to erase the thermal history on the 
nanocomposite. Then sample was cooled from 200 ºC to 20 ºC with the 
same heat exchange rate and the first heating was repeated with unchanged 
parameters. Transition temperatures were collected from the second heating 
cycle.  
 
3.4.2.2. Thermo-Gravimetric Analysis (TGA) 
Theoretical background 
Thermal stability of materials determined basing on weight loss is measured 
by thermo-gravimetric analysis. Heating of the sample with constant rate is 
done simultaneously with weight monitoring, resulting with mass loss plotted 
versus temperature. A typical instrument setup is shown schematically in 
Figure 3.4.5. Inert gas is introduced into the furnace to avoid rapid oxidation 
that can not be controlled by heating rate. Position of point in degradation 
curve can be changed of up to 50 ºC with varying atmosphere or heating 
rate.  
TGA is useful in polymers characterization providing information about 
moisture absorbed, inorganic content and copolymer mass contribution for 
complex materials.  
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Figure 3.4.5: Scheme of thermo-gravimetric analysis.  
 
Methodology 
Thermal degradation of nanocomposites was investigated by thermo-
gravimetric analysis on a TA Instruments TGA Q5000 instrument. The 
resulting curve of mass change versus temperature provides information of 
thermal stability for nanocomposites. 10-20 mg of sample was heated under 
nitrogen atmosphere from 50 ºC to 600 ºC with heating rate of 10 ºCmin-1 
and in air flow from 600 ºC to 800 ºC with the same heat exchange rate. 
Prior to each testing equilibration of the instrument was carried out at 50 ºC. 
The final step above 600 ºC was carried out without an inert gas in order to 
confirm the nanofiller content. Each material was tested at least two times.  
 
3.4.2.3. Dynamic Mechanical Analysis (DMA) 
Theoretical background 
Wide applicability of polymers can be explained, among the other issues, by 
the viscoelastic properties of the material. Dynamic mechanical analysis 
(DMA) is the method most commonly used to determine these properties by 
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application of sinusoidal stress in a cyclic manner at various temperatures. 
Actually, stiffness and dumping (energy dissipation) are measured and 
reported as the storage modulus (E´) and tan δ. The latter parameter is  
a measure of energy loss in oscillation mode in a dissipative system. This 
oscillatory test is different from other methods such as thermo-mechanical 
analysis, where a static force is applied and dimensional changes are 
recorded as a response.  
 
 
Figure 3.4.6: Common clamp geometries in DMA: a) dual cantilever, b) tree-point 
bending, c) shear, d) compression, e) tensile; A – fixed clamps, B – movable clamp.   
 
Oscillatory stress is applied to the material clamped in one of the geometries 
through the part of clamp. Geometry is related to the type of experiment 
and to the expected results, e.g. compression or tensile geometry (Figure 
3.4.6) for storage modulus in a range 30-60 MPa and 30-120 MPa, 
respectively. Flexure geometries, three-point bending, cantilever and dual 
cantilever, are also employed below expected storage modulus values. 
Selection of proper clamp is additionally based on sample dimensions and 
character, e.g. thermoplastic-, thermosetting material will demand different 
geometries.  
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The storage modulus is usually measured as a function of temperature, 
which allows observation of the structural changes in material, including Tg. 
The glass temperature observed in DMA usually differs from the one 
recorded by DSC measurement, which is related to the applied frequency, 
which is absent in the latter experiment. The region between glassy plateau 
(before Tg) and rubbery plateau allows us to see the influence of various 
factors on polymeric material. In addition to an obvious alpha transition (Tg), 
DMA allows beta transitions to be observed as well as secondary dispersions 
and Hookean behavior.  
 
Methodology 
The dependence of mechanical properties on temperature for PC/ABS-
MWCNT nanocomposites was investigated by dynamic mechanical analysis 
on TA Instruments DMA-2980 instrument. Dynamic temperature spectra of 
the samples were obtained in a dual cantilever clamp at vibration frequency 
1 Hz. Temperatures were ranging from 35 ºC to 200 ºC and the scan rate 
was 3 ºCmin-1. Each specimen was mounted in the clamp with the use of 
torque wrench to apply reproducible force. A dual cantilever clamp was 
selected due to the universal character of the test. The dependence of  
tan δ (delta) and storage modulus (E´) on temperature was recorded. 
 
3.4.3. Mechanical properties 
3.4.3.1. Tensile testing 
Theoretical background 
The elastic and plastic characteristics of a material represented by its 
mechanical behavior determine the eventual applicability. Testing a sample 
by subjecting it to a uniaxial tension until failure is a recognized 
characterization method for various materials. The tensile test for 
thermoplastic polymeric materials was carried out on shaped dog-bone 
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specimens being rectangular bars with wider grip sections on both ends. 
After placing the sample in clamps, the material was stretched vertically by 
electromechanical or hydraulic system. The measurements of deformations 
in the sample were done by load cell. Such transducer converting a force 
into an electrical signal is usually selected according to the expected ultimate 
stress.  
The interaction between the elasticity and viscosity of material is modelled 
by common laws. Hooke’s law, being one of the principals of mechanics, 
says that stress is directly proportional to strain. It is showing relation 
between forces applied to the spring and its elasticity (Equation 3.7) 
including k and x, spring constant defining stiffness of the object, and spring 
displacement, respectively. However, only linear elasticity responds well to 
Hooke’s law. Viscous behavior is defined by Equation 3.8.  
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A plot of resulting stress versus strain curve, pictured in Figure 3.4.7, can 
provide various data, including Young’s modulus, tensile strength or 
elongation at break for the material. Elastic behavior shows lower stress 
values for ductile than for stiff materials at the same strain (Figure 3.4.7a, b, 
c). The failure point also varied depending on the character of material, 
appearing before yield point for brittle materials (Figure 3.4.7b). This 
characteristic point on curve separates elastic area where material acts 
(theoretically) following Hooke law, from plastic area. Cold drawing, 
composing the latter part, represents irreversible deformation followed by 
necking – the last stage before failure. Young’s modulus can be calculated 
basing on the Hookean behavior: the ratio of uniaxial stress over the uniaxial 
strain.  
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Figure 3.4.7: Stress-strain curves for various materials: a) ductile, b) brittle,  
c) strong and stiff; Characteristic points on curve a): A – yield point, B – ultimate 
stress, C – failure; elastic region is dimmed.  
 
Methodology 
Tensile measurements were performed on Instron Universal 3343 Machine 
following the ASTM D-638 standard. Samples with dog-bone geometry were 
clamped between grips and stretched at the velocity 5 mmmin-1. A 1 kN load 
cell was used for this test. Experiments were carried out at constant 
conditions: 50 ±  5 % HR and 24 ±  2 ºC. The curves of stress dependence 
on strain were recorded and parameters characterizing nanocomposites 
were determined basing on this relation: tensile strength σ, Young’s 
modulus E, elongation at break εb and at yield point εy. Toughness K of the 
material was calculated from the curves for selected nanocomposites.  
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3.4.3.2. Nanoindentation 
Theoretical background 
Nanoindentation is a method of mechanical testing at the submicron scale. 
Usually hardness is measured, however the elastic modulus, hardening 
exponents or creep parameters can be determined as well. The technique is 
widely used in material sciences and is often utilized in conjunction with 
other common characterization methods.  
 
 
Figure 3.4.8: Scheme of nanoindenter: A – sample; B – indenter column;  
C – capacitive displacement gauge; D – support springs; E - load application cell;  
1, 2 – stages of the process with sample surface indication.  
 
Nanoindentation is based on pressing defined geometry to the material 
(Figure 3.4.8) and recording the response. Force and displacement are 
recorded during both steps. The crucial elements of the equipment are 
sensors and actuators providing correct reading of material response. The 
intender tip, conventionally made of diamond, is tetrahedral which helps 
simplify analysis. Moreover, efforts have been made to create the proper 
method for nanoindenter tip characterization.  
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Interesting phenomena take place during the nanoindentation 
measurements due to the small quantity of material used for the test. 
Usually discontinuities on the load-displacement curves are related to the 
dislocation or shear activities in the material, or to the phase transformation. 
However, the latter situation exists mainly for metal or alloys.  
 
Methodology 
Nanoindentation tests were carried out using a G-200 nanoindenter from 
Agilent Technologies with a Berkovich diamond tip, previously calibrated on 
standard silica. The tip was pushed into the material until a 250 nm depth 
was reached, the force was maintained for 5 seconds and released. 
Measurements were carried out at nine different points for each sample 
separated by 120 m. Stiffness used for evaluating mechanical properties 
was calculated by a Continuous Stiffness Measurement mode (CSM) set at 
45 Hz oscillation frequency and 2 nm harmonic oscillation amplitude at  
a strain rate of 5 x 10-2s-1. The plasticity index  was calculated from the 
ratio between areas under the loading and unloading curves. 
 
3.4.4. Rheology 
The viscoelastic behavior of polymer nanocomposites is fundamental for the 
processing of compounded material. This behavior includes relation between 
shear rate, angular frequency and temperature with material quality,  
e.g. nanofiller dispersion state. Interactions between polymeric chains and 
individual carbon nanotubes or agglomerates influence rheology of molten 
polymer even at low concentrations due to the high aspect ratio of nanofiller. 
An increase of viscoelasticity occurs above the mechanical percolation[153]. 
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Theoretical background 
Viscosity, being one of the key parameters of visco-elastic materials depends 
strongly on sample homogeneity, including filler dispersion, molecular chain 
length or blend composition. Fluids are usually divided according to the 
dynamics into two main material types: Newtonian and non-Newtonian 
(Figure 3.4.9b) with the former one satisfying Equation 3.8. Shear stress  
τ depends on viscosity μ and strain rate explained as gradient of velocity 
which can create a situation of direct proportion between stress and strain. 
In a non-Newtonian fluid, like most of the polymer melts, the relation 
between shear stress and shear rate is not linear and can not be 
characterized by constant viscosity coefficient.  
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Viscosity in polymer melts decrease with increased shear rate which is 
important for processing issues and is commonly investigated with 
oscillatory shear in a range of frequencies e.g. on rotational rheometer. Low 
and high shear rates representing different material behavior which is 
related to polymer chains relaxation time. Deborah number De (Equation 3.9) 
as a ratio between stress relaxation time tc and processes time tp is an 
important processing parameter increasing between Newtonian and non-
Newtonian fluids.  
Importance of material morphology is literally related to filler influence on 
melt viscosity at lower share rate. Dependently on shape, size or load of 
filler various viscosity increase is usually observed. This is extinguished at 
higher shear, where matrix contribution dominates. Blend composition also 
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changes viscosity dependently on the compatibility of components. The 
Deborah number varies significantly with formation of the blend, which is 
related to much longer tc time for dispersed phase.  
 
 
 
Figure 3.4.9: Scheme of parallel plate geometry in rotational rheometer (a), 
characteristic flow diagrams of various materials (b) and scheme of capillary 
rheometer (c).  
 
The instrument for rheology determination is usually equipped with rods of 
various geometries providing different testing conditions. For a rotational 
Chapter 3 
Materials and experimental methods 88 
rheometer, besides the parallel plate geometry pictured in Figure 3.4.9a, the 
common one is a concentric cylinder with increased instrument-sample 
surface contact. For capillary rheometer (Figure 3.4.9c), providing shear 
high enough to simulate injection molding, melted polymer is pushed 
through die of defined diameter.  
Data collected from the instrument allows plotting the storage modulus  
G´ (strain energy reversibly stored in the substance) and complex viscosity 
η*.  
 
Methodology 
Viscoelastic properties of nanocomposites were investigated at low shear 
rates (from 100 s-1 to 103 s-1) on TA Instruments AR G2 rotational rheometer 
with parallel plate geometry. Plate diameter was 25 mm and the software 
used for data processing was AR instrument Control RS232. Testing at 
higher shear (from 101 s-1 to 104 s-1) was carried out on a Göttfert Rheo 
Tester 1000 capillary rheometer with nozzle diameter 9.5cmm and capillary 
L/D ratio 30. Weissenberg-Rabinowitsch correction was applied to the 
readings from the machine in the later case. The test materials were in the 
form of pellets and were dried under vacuum at 100 ºC for 4h before testing. 
The measurements were carried out at 280 ºC. The gap between the plates 
in the rotational rheometer was set at 1mm before each run. During the test, 
pellets were placed on the lower plate and melted. Samples were 
equilibrated in the rheometer in nitrogen atmosphere for 3 minutes. 
According to the results, strain was set to 1 % and the elastic modulus (G´), 
loss modulus (G”) and complex viscosity (η*) were recorded.  
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3.4.5. Electrical properties 
Improvement of electrical conductivity in PC/ABS melt mixed with carbon 
nanotubes is one of the main aims of this work. Nanofiller with high aspect 
ratio in define concentrations creates a conductive network inside insulating 
polymer, which is known as percolation threshold. This value obtained with 
MWCNT differs significantly from the other materials, making electrical 
conductivity of carbon nanotubes-filled polymers a determining parameter. 
The structure of the network is one of the most important parameters for 
both industry and science, due to the recognized influence also on 
rheological and mechanical properties.  
 
Theoretical background 
Determination of electrical conductivity by electrical resistance measurement 
in normalized samples is commonly carried out following the Van der Pauw 
method. Volumetric and surface conductivity can be investigated with 
application of four- or two-point measurements (Figure 3.4.10). Filled 
polymeric materials exhibit electrical conductivity due to the formation of  
a filler conductive path inside the material, allowing charge carrier 
movement between the network ends. These interactions between different 
materials: filler (carbon nanotubes in this example) in the form of well 
dispersed particles or agglomerates and matrix (polymeric blend) require  
a normalized experimental protocol to allow reasonable comparison. 
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Figure 3.4.10: Scheme of electrical resistance measurement: A – surface resistance, 
A+B – volumetric resistance; a) 5 mm, b) 20 mm.   
 
The Van der Pauw method is carried out on a sample with at least one 
dimension greater than the others. The specimen is clamped between 
electrodes, taking care to ensure contact is only through parallel edges of 
the sample. The current is applied as DC, providing a unidirectional flow of 
electrons and passive resistance. A current is passed through each parallel 
couple of edges and mean value is given as a result. The method can be 
modified in order to measure electrical resistivity of reinforcement polymers 
and required full contact between the sample and the electrode in the cross-
section and contact between two reference electrodes on the surface to 
assure four-point reading. Volumetric conductivity is calculated from 
resistance value as a current is passed through electrodes B (Figure 3.4.10) 
and read by electrodes A. Surface conductivity is obtained analogous to 
volumetric conductivity but with two point measurement by Electrodes  
A reading the voltage drop on the sample. In Equation 3.10 and Equation 
3.11 used for volumetric and surface conductivity determination, resistance 
is related with sample cross-section ab (or sample width a) and electrodes 
distance l.  
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Methodology 
The electrical properties of PC/ABS-MWCNT nanocomposites were 
investigated on rectangular specimens. Sample preparation included painting 
the silver electrodes on both sides and the surface of each specimen using 
Electrodag 1415 silver paint supplied by Agar Scientific (Figure 3.4.10). In 
the case of injection molded samples approximately 0.1 mm of material was 
removed from the surface before painting the electrodes on. Measurements 
were carried out following a modified Van der Pauw method and from ISO 
3915. Electrical resistance was recorded with two- (surface resistance) and 
four-point (volumetric resistance) contact configuration. A Keithley 2000 
Multimeter was used as source and reader.  
 
3.4.6. Flammability 
Determining material flammability is crucial for the characterization of new 
material due to safety issues. Fire retardant properties represented mainly 
by ignitability and flammability are measured as smoke opacity, heat release, 
dripping and flame spread. These criteria vary between applications, with 
the strictest being for the aerospace industry. Nanocomposites with carbon 
nanotubes have increased fire retardancy which is explained by barrier 
formation between burned and unburned parts. Such a protective layer 
depends strongly on nanofiller dispersion quality.  
 
Theoretical background 
The flame propagation characteristic of a polymeric material is a crucial 
parameter independent on the final application. Horizontal- and vertical 
burning are common methods of flammability verification accepted by 
Chapter 3 
Materials and experimental methods 92 
industry. Errors due to subjective testing can be minimized by following 
defined sample preparation and testing procedures (UL49) as burning 
characteristics are significantly dependent on homogeneity of the specimen. 
Parameters expected after flammability test include ease of ignition, 
intensity of burning and fuel contribution, usually presented with burning 
rate and flame spread.  
 
Table 3.4.1: Material classification for 20mm vertical burning test.  
Criteria conditions 
V-0 V-1 V-2 
[sec] 
Afterflame time (t1 or t2) 10 30 30 
Total afterflame time (t1 and t2) 50 250 250 
Afterflame and afterglow time (t2 and t3) 30 60 60 
Afterflame and afterglow reached to the clamp No No No 
Cotton indicator ignited by flaming drops No No Yes 
 
The dimensions of the specimen for this test are defined: length of  
125.0 ±  5.0 mm, width of 13.0 ±  0.5 mm and thickness of 3.0 (-0.0 +2.0) 
mm. For each material, eight samples were tested: three for horizontal- and 
five for vertical burning. Materials were conditioned before the test for  
48 h at 23 ± 2 ºC and 50 ±  5 % relative humidity (RH). For the horizontal 
burning test the specimen was mounted on the stand (Figure 3.4.11) and 
two lines perpendicular to the long axis were marked 25 mm and 100 mm 
from the free end. The sample was ignited with a normalized burner, which 
impinges the sample for 30 seconds. After that time the ignition flame is 
removed and burning process is observed until afterflame forehead reaches 
the first mark. In that stage materials with the best flammability parameters 
are self-extinguished or afterglow appears after removal of the ignition 
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source. If the specimen continues to burn, the time of flame-travel between 
the two marks is recorded. The linear burning rate V is calculated as a ratio 
between length of burned part of the specimen and the recorded time.  
For the vertical burning test, a similar to previous specimen is mounted on 
the stand with the long axis perpendicular to the ground and cotton is 
located underneath the specimen (Figure 3.4.11). A normalized flame is 
applied to the bottom of the specimen for 10 seconds. After that time the 
flame is removed and the time of afterflame is recorded as t1. When after-
flaming is ceased, the ignition procedure is repeated and another afterflame 
or afterglow time is recorded as t2 and t3, respectively. The classification of 
the material flammability is gauged based on the data in Table 3.4.1.  
 
 
Figure 3.4.11: Experimental setup for nanocomposites flammability determination 
adapted from UL94; a) horizontal burning, b) vertical burning.  
 
Methodology 
The fire retardant properties of PC/ABS nanocomposites were done on 
selected compression and injection molded samples conditioned before the 
test at 50 ±  5 % HR and 24 ±  2 ºC. Tests were performed following 
horizontal burning for HB classification and vertical burning guidelines from 
norm UL 94, modified for this project: size of the specimens suggested in 
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this document was reduced to the size of samples obtained in this work. 
This resulted with change of the position of second mark to 50 mm. Such 
prepared specimens were tested, classified and the linear burning rate was 
calculated. Materials were tested three times by each method. 
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4. Conventional melt mixing 
 
Formation of nanocomposites by twin screw extrusion is a common, 
industrially recognized process. Specific mechanical energy (SME) is an 
important parameter characterizing that process and shows the 
effectiveness of the selected processing conditions. Equation 4.1, presenting 
the calculation method, can be understood as a relation between various 
mutually correlated values. Therefore SME is directly proportional to the 
torque (influenced by the melt viscosity) and the screw speed, but indirectly 
proportional to the throughput. Nevertheless, these parameters need to be 
correlated in order to reach the optimum conditions. Significant changes of 
SME at various combinations of processing parameters are described below. 
The parameter εP is the real power of the motor (including the efficiency of 
0.97) in kW, T is torque while vproc and vmax are screw speeds during 
processing and maximum, respectively. Throughput Q was maintained at 1 
kgh-1 for all experiments, although research regarding changes of that 
parameter exists in the literature.[62]  
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4.1. Study of PC/ABS-MWCNT nanocomposites morphology 
4.1.1. Characterization of PC/ABS and MWCNT 
An immiscible amorphous blend of the polycarbonate (PC) and the 
terpolymer acrylonitrile-butadiene-styrene (ABS) can contain more than two 
phases. The latter phase, is formed form from poly(styrene-co-acrylonitrile) 
copolymerized in the presence of butadiene, which gives polymer chains 
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including three types of mers. The immiscibility of PC and ABS is not visible 
in light-transmission microscopy but can be observed by electron microscopy 
(e.g. SEM) as the presence of smooth polycarbonate and rough ABS[74] 
(Figure 4.1.1). Besides, the major part of polybutadiene spheres is present 
in the latter phase. Some amount of polybutadiene is transferred to PC 
during blending process.  
 
 
Figure 4.1.1: SEM micrograph of PC/ABS blend with indication of the main phases.  
 
Spectroscopic characterization of the matrix by Raman spectroscopy is 
shown in Figure 4.1.2. The vibrational spectrum of PC/ABS shows 
characteristic bands between 600 cm-1 and 2000 cm-1. The signals at  
1880 cm-1, 1112 cm-1 and 885 cm-1 are assigned to C-H in-plane and out-of-
plane wagging modes. The broad band between 1200 cm-1 and 600 cm-1 
arise due to C-O stretching and C-H deformations respectively.[154]  
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Figure 4.1.2: Raman spectra of PC/ABS.  
 
The calculation of surface energies and wetting coefficient (ω) between the 
matrix and carbon nanotubes allows prediction of the nanofiller localization 
in the blend and eventual tuning of the material.[152] Values of selected 
materials investigated[152,155-156] are shown in Table 4.1.1. The interfacial 
tension (ϒint) obtained from partial surface tensions between the defined 
phases of the blend show higher value for ABS/MWCNT than for PC/MWCNT. 
Moreover, the same results are obtained with each of the applied calculation 
methods. The MWCNT wetting coefficients calculated with Equation 4.2 is -
2.3[155] or -1.5,[156] which is constant with higher carbon nanotubes affinity 
for polycarbonate that to ABS in both cases.[157] This is a main drawback in 
even division of the nanofiller between both components of PC/ABS blend. 
Besides, significantly lower content of ABS in the blend decreases the driving 
force to locate nanofiller in this phase.  
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Table 4.1.1: Surface tension (ϒ) and interfacial tension (ϒ int) of MWNCT, PC and 
ABS at 250 ºC. 
Material ϒ [mNm-1] ϒ int [mNm
-1] 
MWCNT(1) 45.3 - 
PC(2) 29.1 - 
ABS(2) 28.6 - 
ABS/PC(1) - 7.1 
ABS/MWCNT(1) - 28.1 
PC/MWCNT(1) - 11.7 
(1) [155]; (2) [152] 
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4.1.2. Influence of the processing method on morphology of 
PC/ABS-MWCNT nanocomposites 
Processing method during nanocomposite formation is a crucial factor 
showing significant influence on the final properties. Twin screw extrusion 
shows some advantages of tunable screw design and the shear control with 
temperature and screw speed.[58,158-159] Various methods of MWCNT addition 
to the polymeric matrix can be understood as another factor in the 
modification of the material properties.  
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Figure 4.1.3: Specific Mechanical Energy dependence on MWCNT concentration and 
the processing parameters for masterbatch dilution (MB).  
 
The increase of MWCNT load did not result with significantly stronger 
agglomeration. However, the morphology changes significantly with the 
change of other processing conditions, namely barrels temperature and the 
screw speed. Regarding the earlier reports about the relation between SME 
and the morphology of polymer nanocomposites,[62] this phenomenon can 
be explained with the data present in Figure 4.1.3. Morphology quality 
clearly increases with SME. Both processing parameters involved in this 
study, melt temperature and screw speed, give a clear change in specific 
mechanical energy. The highest SME observed for the material processed at 
260 ºC and 600 rpm is a response of the energy provided to the material by 
the high screw speed at higher viscosity. The increase of melt temperature 
leads to a decrease in viscosity, which in turn has negative influence on SME. 
Further, the decrease of screw speed to 400 rpm results in the same 
nanocomposite behavior within the investigated range of temperatures. 
Figure 4.1.3 shows the necessity of correlating processing parameters during 
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nanocomposite compounding. Melt temperature, to a large extent, is 
responsible for resulting viscosity in this process, along with the screw speed 
determining shear forces needs to be seen as a correlated set of parameters 
rather than as two separate, mutually independent factors.  
 
 
Figure 4.1.4: Light-transmission microscopy image of nanocomposite (3.0 wt. %) 
processed by powder addition (P) at 280 ºC with: a) 100 rpm, b) 400 rpm.  
 
Attempts to directly feed nanofiller to the extruder in the form of powder 
give poor morphologies. This is possibly due to the low SME applied to the 
material at single processing and relatively short material resident time in 
the machine (reduced approximately 50 % when compared to MB). The 
influence of screw speed is studied in P nanocomposites due to the high 
sensitivity to this parameter related with reduced processing. Screw speed 
influences the morphology mainly at low values, basically between 100 and 
400 rpm. Figure 4.1.4 shows P materials processed with high temperatures 
but with various screw speeds ranging from low to middle values. The 
breakage of primary agglomerates carried out by the not completely melted 
polymer pellets appears in P method similarly as in the first step (pre-
dispersion) of MB method. A significant reduction of both the size dispersion 
and the number of agglomerates can be seen when screw speed is 
increased from 100 rpm (Figure 4.1.4a) to 400 rpm (Figure 4.1.4b). This is 
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true for all methods applied in this study, leading to better morphologies for 
high screw speed values. There is no significant improvement observed with 
further increase screw speed to 600 rpm.  
The control experiment carried out done during the nanocomposite 
formation with P method where MWCNT was added to the melted polymer 
in the middle of the screw. Particle resident time in the machine was 
reduced and the regions MWCNT were included showed significantly worse 
morphology at identical to P conditions. Therefore, resident time, 
morphology and the energy applied to the material during extrusion process 
are co-related.  
 
Table 4.1.2: Agglomerates size distribution in nanocomposites (2.0 wt. %) formed 
with powder addition method (P); difference indicates the decrease of the value 
between screw speeds.  
 Nanocomposite 
 100 rpm 200 rpm 400 rpm 
Av. agglomerate area 
[μm2] 
159.08 (± 2.06) 99.78 (± 1.13) 34.38 (± 0.92) 
Av. agglomerate length 
[μm] 
16.41 (± 0.85) 11.26 (± 0.31) 6.57 (± 0.09) 
Av. agglomerate aspect 
ratio [μm] 
1.63 (± 0.05) 1.65 (± 0.08) 1.65 (± 0.07) 
Agglomeration density 
[%] 
11.15 (± 0.09) 9.13 (± 0.06) 1.21 (± 0.03) 
 
The influence of screw speed was also investigated by the study of particle 
distribution in P 2.0 wt. %. Agglomeration parameters listed in Table 4.1.2 
show significant improvement of morphology at higher screw speed rates. 
Average agglomerate area and length (both based on Feret axes) decrease 
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over 40-60 % between 200 rpm and 400 rpm with constant agglomerate 
aspect ratio. This suggests a reduction in of individual agglomerates, but not 
a change in shape. Agglomeration density, the factor describing the quality 
of nanocomposite morphology, is significantly reduced. Agglomeration 
density is defined as the ratio between the total area of agglomerates and 
the particle-free area in the image. Such behavior confirms the necessity of 
high shear presence in order to obtain well-dispersed carbon nanotubes in 
polymeric matrix. Correct selection of screw speed seems to be an important 
factor in this approach.  
 
 
Figure 4.1.5: SEM micrograph of nanocomposite (P 2.0 wt. %) processed at  
280 ºC and 200 rpm. 
 
Dry powder method P gives strong agglomeration of MWCNT as shown in 
SEM micrographs (Figure 4.1.5). This agglomeration is minimized with the 
application of further processing such as masterbatch dilution or addition of 
additives. The agglomeration of individual carbon nanotubes is not tight and 
the bundled nanotubes are likely to be separated following the processing 
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step. Again this emphasizes the influence of a second extrusion  
(e.g. masterbatch dilution).  
 
 
Figure 4.1.6: Light-transmission microscopy image of nanocomposites processed by 
masterbatch dilution (MB) at 260 ºC with 400 rpm: a) 0.5 wt. %, b) 1.0 wt. %. 
 
Masterbatch dilution method MB, further developed of the powder addition 
method, provides significant improvement of the final nanocomposite 
morphology. Longer resident time in the machine and the related higher 
total shear applied to the material gives more homogeneous materials 
studied on OM images (Figure 4.1.6). The morphology of MB 
nanocomposites is also relatively independent on MWCNT load, which was 
studied above 400 rpm. No significant change on carbon nanotube 
dispersion is observed between 0.5 wt. % and 1.0 wt. % MWCNT. The 
influence of processing temperature during the masterbatch dilution on 
morphology is similar to the effect of this parameter on SME (Figure 4.1.3). 
the relation between viscosity (controlled by the mentioned MWCNT load, 
barrels temperatures and screw speed) and final morphology is difficult to 
observe in OM images at relatively low carbon nanotubes concentrations 
applied in this study. Good dispersions are mainly a result of double 
processing in MB method.  
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No homogeneous distribution of the nanofiller between the blend 
components is observed in PC/ABS-based nanocomposites, as can be seen 
in the representative Figure 4.1.7. This situation is present for all studied 
compositions. Besides, MWCNT localization in polycarbonate and in the 
interface region proves the statements present in Table 4.1.1 related to the 
calculated affinity between the phases.  
 
 
Figure 4.1.7: SEM micrograph of nanocomposite MB 1.5 wt. % processed at  
260 ºC with 600 rpm. 
 
Raman spectroscopy of various nanocomposites demonstrates the 
dependence of characteristic band position and intensities on the nature of 
the processing methods. Characteristic bands for pristine multi-walled 
carbon nanotubes appear at 1340 cm-1 and 1475 cm-1 for D-band and  
G-band, respectively. The D-band arises from disordered graphite structures 
while the G-band is assigned to C-C bond stretching.[160] For the studied 
nanocomposites, the bands are shifted towards the higher wave-number 
(blue shift) showing the positions at c.a. 1350 cm-1 (10 cm-1 shift) and  
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c.a. 1600 cm-1 (25 cm-1 shift) for D-band and G-band, respectively (Table 
4.1.3). 
 
Table 4.1.3: Raman spectroscopy shifts of characteristic MWCNT bands in pristine 
nanofiller and in nanocomposites.  
 Band shift [cm-1] 
Material D band G band 
MWCNT 1339 1575 
P  (2.0 wt.%, 400 rpm) 1349 1592 
MB  (2.0 wt.%, 400 rpm) 1347 1599 
 
The difference in D- and G-band shifts between the nanofiller and the 
nanocomposite is greater than between the various nanocomposites. This is 
related to the local strains between MWCNT and the polymer,[161-162] 
represented mainly by the mechanical compression transferred from the 
matrix to MWCNT.[163] The G-band shift towards the higher values is 
explained as disentanglement of primary agglomerates and subsequent 
dispersion.[160] However, measurement of the G-band in the nanocomposites 
has some uncertainty due to overlying with the peak at 1600 cm-1 from 
aromatic groups of polymer (Figure 4.1.2). Moreover, the vibrations 
perpendicular to the long nanotube axis are affected by aromatic structures 
from polymer interacting with MWCNT.[165-166] Nevertheless, the  
G-band shift of the nanocomposites presented in Table 4.1.3 can be 
understood as the indicator of MWCNT dispersion quality (e.g. for powder 
processing P).  
 
PC/ABS-MWCNT nanocomposites formed by melt mixing with one- (powder 
addition P) or two-step (masterbatch dilution MB) processing method give 
moderate morphologies. Significant improvement of carbon nanotubes 
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dispersion is observed for the masterbatch method for all studied processing 
conditions. Nevertheless, regarding both methods, rather high shear should 
be applied to the material in order to improve the morphology. Therefore, 
moderate or higher screw speed is required, as no significant change occurs 
above 400 rpm. Also moderate processing temperatures are observed to 
give the best results due to providence of the proper melt viscosity of the 
blend.  
 
4.1.3. Influence of MWCNT modification on morphology of 
PC/ABS-MWCNT nanocomposites 
The main modifications of multi-walled carbon nanotubes applied in industry 
approach are shown in Figure 4.1.8. Direct covalent modification allows the 
formation of functional groups chemically bonded to the outer layer of 
MWCNT, while non-covalent modification with selected surfactants bases on 
the physical bonding of the additives to carbon nanotubes. Both types of 
modification result with the change of MWCNT location in the blend 
components and the change in defined nanocomposite properties. Figure 
4.1.8a pictures the surface-oxidized MWCNT with the commonly higher 
concentration of COOH groups on the end caps. Pentagonal structures 
generally suffer more strain, which leads to higher reactivity with respect to 
defects on the outer shell.[166]  
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Figure 4.1.8: Schematic presentation of a) covalent- and b)-d)[166] non-covalent 
MWCNT modification.  
 
Covalent modification of multi walled carbon nanotubes resulted in 
significant improvement of nanocomposite morphology. Similar behavior 
after the nanofiller modification was reported by other authors.[167-169] 
Homogeneous morphology is shown in Figure 4.1.9 on an example of 
nanocomposite with 1.0 wt. % and 5.0 wt. % MWCNT. Such improvement 
of MWCNT dispersion was absent in other modifications or other processing 
methods applied in this study. The strong increase of nanofiller load does 
not influence interactions between the individual nanofiller. Combining 
rather effective MWCNT dispersion method, masterbatch dilution, with the 
covalent modification of carbon nanotubes gave excellent homogeneity. 
Comparing the quality of the nanofiller dispersion of nanocomposite 
obtained with MWCNT-COOH (Figure 4.1.9a) with the material with non-
modified carbon nanotubes (Figure 4.1.6b), the improvement after the 
modification of the nanofiller is clear.  
The change of surface energies was achieved giving different MWCNT 
affinities to blend phases. Besides that, bulkiness of the groups terminating 
individual nanotubes most probably play an important role in the formation 
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of not so tightly bundled agglomerates. Good dispersion of individual carbon 
nanotubes with surface modification of MWCNT can be observed in SEM 
micrographs of the material (Figure 4.1.10).  
 
 
Figure 4.1.9: Light-transmission microscopy image of nanocomposites processed by 
masterbatch dilution with surface-modified carbon nanotubes (MB-COOH) at  
260 ºC with 400 rpm: a) 1.0 wt. %, b) 5.0 wt. %. 
 
Very few bundles or agglomerates are observed, with the majority of the 
nanofiller dispersed homogeneously. As the carboxylic acid groups are 
present mainly near the tip of the nanotube (Figure 4.1.8) changing the 
affinity between the materials, some of the carbon nanotubes are dipped 
with both ends in the material. Such situation does not exist when the non-
modified carbon nanotubes are used. Nevertheless, no significant change of 
the nanofiller location is observed and the polycarbonate phase is hosting 
the majority of MWCNT. 
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Figure 4.1.10: SEM micrograph of polycarbonate phase of nanocomposite  
MB-COOH 1.0 wt. % processed at 260 ºC with 400 rpm. 
 
Figure 4.1.11 shows the Raman D/G peak intensities ratios for various 
nanocomposites. This parameter is related to the quality of dispersion and to 
the tension between carbon nanotubes and polymer matrix. The MB-COOH 
ratio is value clearly lower than for the common MB method consistent with 
a decrease of agglomeration in the nanocomposite, according to the 
aforementioned explanations. This is in agreement with the SEM 
micrographs and OM images data indicating improvement of the morphology 
of the nanocomposites when MWCNT-COOH are used. D/G peak intensities 
parameter for powder addition method P, showing worse morphology than 
the other studied nanocomposites, is greater than MB and MB-COOH.  
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Figure 4.1.11: D/G peaks intensity ratio for different nanocomposites (2.0 wt. %, 
400 rpm) compared with pristine MWCNT.  
 
Transmission electron microscopy shows interesting results in agreement 
with the previous findings. Agglomerates present TEM micrographs of  
MB-COOH 1.0 wt. % (Figure 4.1.12) show the difficulty in totally 
overcoming the Van der Waals attractive forces between the nanotubes. 
Nevertheless, the remaining agglomerate size is significantly reduced with 
the surface-oxidation of the nanofiller. However, remaining tight bundles are 
difficult to destroy along the common processing path. The size of 
agglomerates below 400 nm proves the dispersion improvement (also when 
compared to the powder addition method, Table 4.1.2). 
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Figure 4.1.12: TEM micrograph of nanocomposite MB-COOH 1.0 wt. % 
processed at 260 ºC with 600 rpm. 
 
4.2. Study of thermal properties of nanocomposites 
4.2.1. Thermal characterization of PC/ABS 
The thermal properties of polymer-MWCNT nanocomposites determine 
material processing and the future applications by affecting various 
properties, e.g. the upper limit use temperature and the dimensional 
stability.[170] The thermal decomposition behavior of polymeric matrix is  
a crucial factor in understanding the mechanism of nanocomposite 
degradation. High-resolution thermo-gravimetric analyses of neat PC/ABS 
carried out in dry nitrogen revealed multi-step decomposition, absent in the 
common test. The conditions of the test including isothermal steps activated 
with the increased weight loss influence the degradation of polybutadiene. 
This material is reported to decompose at 50 ºC lower when the isothermal 
conditions are applied.[171-172] Thermal decomposition of PC/ABS blend 
present in Figure 4.2.1 agrees with the earlier findings.[173-174] The major 
phase of the blend is known for high thermal stability.[175] The 
decomposition of neat polycarbonate under the nitrogen atmosphere occurs 
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between 400 ºC and 500 ºC, showing two broad peaks on the weight 
derivative curve.[176] Two-step process includes oxidation and further 
depolymerization caused by the by-products cleavage. However, the first 
step based on radical mechanism can be retarded by the application of 
nitrogen atmosphere and eliminating water from the sample.[177] The other 
known mechanism includes hydrolysis and condensation with the scission of 
polymer chains obeying the first order kinetics.[178-180]  
 
 
Figure 4.2.1: Hi-resolution TGA of PC/ABS blend.  
 
An intensive peak at 391.2 ºC present in Figure 4.2.1 is related to the first 
stage of PC degradation. Due to the separation of the decomposition of 
blend components, degradation of ABS phase is observed between the two 
steps of PC decomposition. Peaks at 406.6 ºC and 422.9 ºC are related to 
poly(styrene-co-acrylonitrile) (SAN) and polybutadiene, respectively.[172] 
Detailed analyses of ABS material have been reported, revealing the multiple 
degradation stability dependences between the components and the 
terpolymer.[181] The pure poly(styrene-co-acrylonitrile) degrades at 
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significantly lower temperature than the components and after the formation 
of SAN-g-polybutadiene, the decomposition temperature of SAN decreases. 
Such destabilization of the components appears also after blending to form 
PC/ABS.  
 
4.2.2. Study of thermal behavior of PC/ABS-MWCNT 
nanocomposites 
Reports on thermal behavior of PC-based nanocomposites show the general 
increase of thermal stability,[176] while the ABS-based nanocomposites are 
reported to decrease the thermal stability of the matrix.[174,182] When the 
flake-like nanofiller (e.g. nanoclay) is mixed with PC/ABS the thermal 
stability increases due to the strong barrier effects.[183,184] For all 
nanocomposites studied in this work (Figure 4.2.2 and Figure 4.2.3) carbon 
nanotubes show decrease of thermal stability of polycarbonate and increase 
of this parameter for ABS phase. This observation can be related to the 
presence of MWCNT impurities affecting rather polycarbonate than the ABS. 
Carbon nanotubes used for this project are industrial grade material, which 
means they contain the impurities of amorphous carbon and the residual 
metal catalysts. It has been reported that the latter impurities or the defects 
such as carboxylic acid functional groups in MWCNT lead to the decrease of 
thermal stability of the nanocomposites by the reduction of the scavenging 
capabilities of free radicals.[185] The investigation of PC/ABS-MWCNT 
nanocomposites thermal stability follows different methodology than the 
experiment presented in Figure 4.2.1. Non-isothermal experiments are 
carried out in order to study thermal degradation behavior. Curves shift 
towards the higher temperatures shows sensitivity reported earlier.[171]  
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Figure 4.2.2: Thermal decomposition of PC/ABS-MWCNT processed by powder 
addition method P.  
 
The influence of nanocomposite formation method on thermal properties of 
the final nanocomposite material is mainly related to the additives and the 
number of processing steps. Degradation curves of P material in Figure 
4.2.2 show different behaviors of both blend phases. Furthermore, this 
behavior is amplified at higher MWCNT loads. Besides, the influence of 
screw speed during the P nanocomposite formation is shown in Figure 4.2.2. 
Three characteristic points are marked on the curves indicating the points of 
85 wt. %, 40 wt. % and 10 wt. % of the initial mass. ABS phase stability 
does not change significantly (A) for both values. The behavior of 
polycarbonate (B) observed at the higher temperature range is opposite to 
ABS. Moreover, higher thermal stability for nanocomposites processed at 
400 rpm indicates the influence of shear, which is related to more 
homogeneous morphology obtained at higher screw speeds (Figure 4.1.5).  
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Decomposition of the char (C) created in the principal stages of the 
degradation shows strong influence of processing parameters over the 
shown carbon nanotubes content. An increase of the final decomposition 
temperature is probably related to slightly higher agglomeration degree in 
the samples processed at 200 rpm. A MWCNT network is desired to include 
the individual nanotubes improving barrier properties. This approach should 
be changed, when the final oxidation step begins. A char formed during the 
first step, consisting the semi-degraded polymer and MWCNT, shows higher 
thermal stability for nanocomposites with worse morphology. The char 
consist of the agglomerated carbon nanotubes forming the better barrier 
and increasing the final degradation temperatures. 
The nanocomposites MB in Figure 4.2.3a show the behavior similar to the  
P material. Thermal stability for this material is studied on weight derivative 
graphs in order to provide clearance of results. Slight decrease of the weight 
derivative maximum is observed for PC phase with the increase of MWCNT 
load. On the contrary, an increase of the temperature for ABS phase was 
observed. No significant change regarding the neat matrix was present. The 
reduction of a peak between the two maximums characteristic for both 
phases appears after the nanocomposite formation for both concentrations. 
This can be explained as a slight reduction of system sensitivity related to 
the presence of thermally conductive filler.  
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Figure 4.2.3: Weight derivative for nanocomposites formed with masterbatch 
dilution method (400 rpm, 260 ºC): a) MB, b) MB-COOH.  
 
The behavior of degradation temperatures in MB nanocomposites is 
improved when the carbon nanotubes are surface-oxidized (Figure 4.2.3b). 
Despite this fact, the degradation temperature of polycarbonate decreases 
with MWCNT-COOH load but ABS shows decrease in such a case. 
Comparison of MB material with the nanocomposite MB-COOH shows 
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further decrease of the degradation temperature for PC with no significant 
change for ABS phase, for the latter material. This is related to the possible 
relocation of nanofiller to the interphase region.  
 
Table 4.2.1: Glass temperature (Tg) and change of heat capacity (ΔCp) at glass 
temperature for P nanocomposites processed at 280ºC and 200 rpm.  
Material 
MWCNT 
[wt. %] 
Tg [ºC] ΔCp [J g
-1
deg
-1
] 
PC ABS PC ABS 
PC/ABS 0.0 151.06 119.19 1.939 0.669 
PC/ABS (proc.) 0.0 145.49 112.06 0.203 0.082 
P 1.0 144.00 112.62 - - 
P 2.0 142.50 112.00 - - 
P 3.0 141.54 111.03 - - 
 
The results of differential scanning calorimetry, revealing the glass 
temperatures (Tg) of P nanocomposites and the change of heat capacity for 
this transition (ΔCp), are shown in Table 4.2.1. Clear gradual decrease of 
these parameters for both blend components after the incorporation of 
MWCNT in one step processing is observed. Additionally, the processing 
affects the matrix itself what can be observed in a difference of ΔCp values 
between PC/ABS and PC/ABS (proc.). It seems that the greatest variation is 
caused by shear applied during the nanocomposite formation process. The 
glass temperature change recorded along the increase of MWCNT load 
differs much less than between the processed and as-received matrix.  
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Figure 4.2.4: DSC summary of MB nanocomposites (400 rpm, 260 ºC):  
a) Tg, b) ΔCp.  
 
The results of differential scanning calorimetry, revealing the glass 
temperatures (Tg) of MB nanocomposites and the change of heat capacity 
for this transition (ΔCp), are shown in Figure 4.2.4. Collected data shows the 
decrease of both reported Tg values, similarly to nanocomposites P (Table 
4.2.1). This is based on much stronger agglomeration in the latter material 
P. Chain mobility is greater for nanocomposites with agglomerated filler due 
to the reduced interactions between the matrix chains and individual 
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MWCNT. The decrease of PC and ABS glass temperatures agrees then with 
the previous findings.  
 
 
Figure 4.2.5: Change of heat capacity (ΔCp) at glass temperature (Tg) for  
MB-COOH nanocomposites for: a) ABS, b) PC.  
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There is no significant difference in Tg before and after MWCNT-filled 
nanocomposite formation. A ΔCp should rather be used as a reliable 
parameter.[170] Figure 4.2.4a shows the opposite trends for both blend 
components, which can be understood as a confirmation for MWCNT 
separation between PC and ABS. Polymer chains mobility is affected by 
carbon nanotubes forming network and a good dispersion obtained in case 
of presented nanocomposites (MB) with the reported opposite trend for 
both blend components allows to assume the relocation of MWCNT at higher 
loads. This is concluded due to the increase of ΔCp of the main nanofiller 
hosting phase. At the same time the MWCNT-free ABS phase shows the 
decrease of ΔCp. Therefore, above a certain MWCNT load in an immiscible 
blend some amount of nanofiller is likely to fill the phase that is not 
thermodynamically favored.  
The surface oxidation of nanofiller causes higher MWCNT loads in the 
interphase region of PC/ABS. Figure 4.2.5 with ΔCp values for both blend 
components formed at various conditions shows similar trends observed in 
Figure 4.2.4b. Significant decrease of the specific heat capacity for ABS 
phase with the increase of MWCNT load confirms the change of polymer 
chains dynamics. This effect means that the increase of the nanofiller in ABS 
is identical with the effect shown in Figure 4.2.4.  
The influence of processing parameters on ΔCp of PC/ABS-MWCNT 
nanocomposites decreases with the nanofiller load for both components. 
Low value of both applied parameters, barrels temperature and screw speed, 
allows reaching the higher heat capacity. The correlated increase of screw 
speed and barrels temperature causes the decrease of heat capacity. This 
can be related to the higher degree of carbon nanotubes dispersion obtained 
at high shear conditions. As the ΔCp can be understood as  
a polymer chain mobility, it should be reduced for better MWCNT dispersion 
in the nanocomposite with the same load. This is due to the fact that the 
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agglomerate usually shows lower interactions with the matrix than with 
individual nanotubes creating a network. Such a theory agrees with the 
findings present in Figure 4.2.5.  
 
4.3. Mechanical properties of PC/ABS-MWCNT 
nanocomposites 
The mechanical properties of polymer-based nanocomposites are strictly 
related to the morphology. Besides, blends show some advantages of the 
combined properties of components. Table 4.3.1 shows Young’s modulus of 
the pristine matrix value 2200 MPa. The direct MWNCT feeding in powder 
form P results with the gradual increase of Young’s modulus with the 
nanofiller content (Table 4.3.1).  
 
Table 4.3.1: Tensile test results of nanocomposites formed with powder addition 
method. 
Nanocomposite Mechanical properties 
Method 
MWCNT 
[wt. %] 
Proc. 
E(1) 
[MPa] 
σ-y(2) 
[MPa] 
ε-b(3) 
[%] 
PC/ABS 0.0 - 
2200 
(± 15.0) 
45.0 
(± 1.0) 
10.0 
(± 0.1) 
P 1.0 
200 rpm; 
280 ºC 
2888 
(± 16.2) 
53.6 
(± 2.0) 
4.9 
(± 0.1) 
P 2.0 
200 rpm; 
280 ºC 
3078 
(± 11.0) 
55.2 
(± 1.2) 
4.2 
(± 0.2) 
P 3.0 
200 rpm; 
280 ºC 
3248 
(± 13.8) 
53.9 
(± 0.9) 
3.3 
(± 0.2) 
(1) Young’s modulus; (2) Stress at yield point; (3) Elongation at break. 
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Relatively high E values are present for P nanocomposites probably due to 
the poor final morphology and low matrix degradation during the processing 
thanks to the low value of overall shear (200 rpm and single processing). 
Micro-scale reinforcement of agglomerates rather than nano-scale 
reinforcement should be reported for this material. Besides, the stress at  
a yield point seems to be relatively constant with MWNT load, while 
elongation at break decreases at higher carbon nanotube concentrations. 
This is typical behavior for filled polymers with disturbed polymer-polymer 
interactions.  
 
Table 4.3.2: Tensile test results of nanocomposites formed with masterbatch 
dilution method.  
Nanocomposite Mechanical properties 
Method 
MWCNT 
[wt. %] 
Proc. 
E(1) 
[MPa] 
σ-y(2) 
[MPa] 
ε-b(3) 
[%] 
MB 1.0 
400 rpm; 
260 ºC 
2929 
(± 28.5) 
56.1 
(± 1.5) 
3.9 
(± 0.2) 
MB 2.0 
400 rpm; 
260 ºC 
2942 
(± 56.0) 
56.6 
(± 2.1) 
5.6 
(± 0.2) 
MB 3.0 
400 rpm; 
260 ºC 
3037 
(± 43.1) 
57.1 
(± 1.2) 
5.7 
(± 0.2) 
(1) Young’s modulus; (2) Stress at yield point; (3) Elongation at break. 
 
Tensile test results of masterbatch dilution metgod MB present in Table 
4.3.2 show behavior similar to the one-step processing P method. Gradual 
increase of Young’s modulus with an increase of MWCNT load confirms the 
reinforcement of PC/ABS. Furthermore, stress at yield point shows higher 
values at elevated carbon nanotubes concentrations. Such a behavior of 
higher stress observed for stiffer nanocomposites is interpreted as better 
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reinforcement. Higher stress necessary for material to reach plastic 
deformation region can be related to better dispersion of the nanofiller. 
Insignificant increase of elongation at break is within the error and should 
be understood as a constant.  
 
 
Figure 4.3.1: The dependence of tan δ peak maximum on MWCNT load in  
MB nanocomposites (400 rpm, 260 ºC).  
 
Dispersion degree, orientation and the shape of the nanofiller along with the 
dispersion of the continuous phase play an important role in the final 
improvement of the researched material. Tan δ is read as a midpoint 
between the glassy and rubbery state of polymeric material. The common 
masterbatch dilution method MB of nanocomposite formation gives an 
expected increase in tan δ peak maximum with an increase of MWCNT load 
for both blend components (Figure 4.3.1). This can be explained as 
relatively equal MWCNT division between both blend components at various 
nanofiller loads. It is understood, that the change observed for ABS will be 
minor when compared to PC, probably due to the lower content of the 
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former phase in the blend. Both vertical scales in Figure 4.3.1 have the same 
tick interval in order to emphasize the difference. Nevertheless, the impact 
on both blends appears to be similar when the phase share is taken into 
consideration.  
 
Both applied processing methods show an increase of mechanical properties 
of PC/ABS matrix. Differences between the methods should be observed 
with respecting different processing conditions of P and MB nanocomposites 
studied here. Generally higher values of Young’s modulus for the former 
material can be related with the slightly different mechanism of 
reinforcement. Majority of carbon nanotubes in MB are in dispersed state 
causing nano-scale reinforcement, while micro-scale agglomerates in  
P interact with polymer matrix differently. Besides, lower degradation of 
polymer chains during P processing is a major issue. Elongation at break 
relatively constant for MB nanocomposite is related with the better 
dispersion of nanofiller than observed in the other material.  
 
4.3.1. Influence of MWCNT modification on mechanical 
properties of PC/ABS-MWCNT nanocomposites 
The covalent modification of carbon nanotubes result with a slight increase 
of mechanical properties when compared to the non-modified 
nanocomposites (Figure 4.3.2). Characteristic behavior of MB-COOH and 
MB show a clearly higher performance for the former material with surface-
oxidized carbon nanotubes. Young’s modulus of MB, similarly to the stress 
at yield point, is lower along the whole studied MWCNT concentration range. 
This observation is explained as improved interactions between PC/ABS and 
MB-COOH. Besides, minor difference between MB-COOH 1.0 wt. % and 
MB-COOH 2.0 wt. % confirms weak influence of MWCNT loads at higher 
concentrations.  
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Figure 4.3.2: Mechanical properties of nanocomposites processed by masterbatch 
dilution with MWCNT (MB) and MWCNT-COOH (MB-COOH) (400 rpm, 260 ºC).  
 
The influence of processing parameters on mechanical properties of 
nanocomposites filled with covalently-modified carbon nanotubes in Figure 
4.3.3 shows the aforementioned necessity of screw speed correlation with 
the melt temperature during processing. In these materials, higher Young’s 
modulus is obtained for low screw speed at higher barrels temperature. 
Therefore, low melt viscosity with rather moderate shear is needed for good 
dispersion and for improvement of mechanical properties of the final 
material. This trend is present along the investigated MWCNT concentrations.  
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Figure 4.3.3: Young’s modulus of MB-COOH nanocomposites processed at various 
conditions.  
 
Further performance achieved for the surface oxidation of carbon nanotubes 
processed by masterbatch dilution method is present in Figure 4.3.4. 
Young’s modulus and stress at a yield point for both presented parameters 
shows an increased mechanical performance. Moreover, slightly higher 
values of both parameters for MB-COOH material are observed, which can 
be related to the better morphology achieved when modified nanotubes are 
used (Figure 4.1.11).  
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Figure 4.3.4: Storage modulus of PC/ABS and MB-COOH (400 rpm, 260 ºC).  
 
4.3.2. Comparison between experimental and theoretical data 
of the nanocomposite tensile modulus 
Young modulus of polymer-based composites can be predicted with the use 
of Halpin-Tsai equations.[139] Nevertheless, this method is designed to 
describe interactions between micro-scale fillers and matrix. Protocol 
regarding the significant scale difference between such fillers (e.g. glass 
fibers) and polymer chains disables direct application of Halpin-Tsai model 
for nanocomposite calculations. Modification of this method carried out to 
improve accuracy of the calculations for nanocomposites are reported in the 
literature.[186-188] The most accurate fitting of the experimental data of 
PC/ABS-MWCNT are obtained by method A represented by Equation 4.3 and 
method B represented by Equation 4.4. These attempts result from the 
modified methods reported in literature.[186,188]  
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In a method A, Young’s modulus is calculated with the experimental factor  
kA (1.18) related to the accuracy between the experimental data and 
predictions. Method B is applied with the two variations of different functions 
F(Vf) representing the accuracy coefficient.  
Young’s modulus of carbon nanotubes (Ef) and of PC/ABS (Em) is 980 GPa
[188] 
and 2200 MPa (Table 4.3.1), respectively. Factor ξ calculated with Equation 
4.4 is related to the geometry and the boundary conditions of the 
reinforcement and includes the aspect ratio of the individual nanotube. The 
volume fraction of MWCNT Vf respects densities of the nanofiller and the 
matrix.  
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Besides, factors ηL (Equation 4.5) and ηT (Equation 4.6) in the method  
B signify the efficiency of the nanofiller in the direction parallel and 
perpendicular to the tensile direction, respectively. In the method A this 
element is simplified to one factor η (Equation 4.7). Waviness coefficient Kω 
used in the method A ranges between 0 and 1 and represents the share of 
force transferred by MWCNT along the central axis. Moreover, the 
orientation factor α related to the position of individual filler in the specimen 
is used during all calculations. According to the literature,[186] α value 0.17 
represents randomly oriented MWCNT, so the situation observed in the 
compression molded specimens.  
 
(4.8)      ff VVF 11  
(4.9)       nff VVF ln2    
 
The low accuracy of Halpin-Tsai prediction method at high MWCNT loads 
was reported[106] and independently observed in PC/ABS-MWCNT. Nanofiller-
matrix interactions occurring above 0.5 wt. % MWCNT need to be defined 
with higher precision in order to improve the accuracy of predictions. 
Besides, a significant increase of the agglomeration with the increase of 
nanofiller content is not taken into account during the calculation. Hence, 
the efficiency factor F(Vf) (Equation 4.8 and Equation 4.9) was used to 
provide better fitting between the predictions and the experimental data. 
Factors γ, β and n are found to be 5.3, 0.1 and 2.1, respectively.  
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Both calculation methods described by Equation 4.3 and Equation 4.4 exhibit 
acceptable level of predicted data fitting with the experimental values only 
at low MWCNT loads. Above 0.5 wt. % MWCNT the results from method  
A and B are rather poor. Figure 4.3.5 shows results from modified and non-
modified method A. Despite the presence of orientation factor and different 
values of waviness coefficient Kω, the results vary from the experimental 
data. Relatively low value of the waviness coefficient suggests minimal 
orientation or straightness of carbon nanotubes. This can be related to low 
shear conditions during the preparation of the specimens by compression 
molding and therefore no orientation of individual nanotubes. Finally, the 
introduction of kA factor and reduction of waviness coefficient gave 
satisfactory results.  
 
 
Figure 4.3.5: Prediction of Young’s modulus for nanocomposites with modified and 
non-modified method A (α=0.17) compared with experimental data for MB  
(400 rpm, 260 ºC).  
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Non-modified method B pictured in Figure 4.3.6 gives equally imprecise 
results as method A. Nevertheless, after the incorporation of factors 
described with Equation 4.8 and Equation 4.9, the fitting the experimental 
data is improved. Coefficient F1(Vf) seems to provide results agreeing with 
the measured ones along the investigated nanofiller concentrations. The 
disagreement between the predictions and the experimental data increases 
with the increase of carbon nanotubes content for all applied methods. This 
is most probably related to the higher agglomeration. Due to this fact the 
load is transferred through the macrostructures rather than through the 
individual nanotubes reducing the importance of factors, e.g. related to the 
aspect ratio.  
 
 
Figure 4.3.6: Prediction of Young’s modulus for nanocomposites with modified and 
non-modified method B (α=0.17) compared with experimental data for MB  
(400 rpm, 260 ºC).  
 
The above results show possibility of mechanical properties prediction for 
PC/ABS-MWCNT nanocomposites. Good agreement between experimental 
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data and mathematical model is achieved for modified Halpin-Tsai method. 
Nevertheless, further modification and standardization of this method should 
be carried out in order to improve the experimental data fitting.  
 
4.4. Rheological properties of nanocomposites 
Visco-elastic properties of polymeric materials are influenced by the 
introduction of nanofiller.[83,106] Factors controlling this effect depend mainly 
on molecular weight of the macromolecules and on thermal history of the 
material. During the nanocomposite formation, viscosity can be controlled by 
the processing temperature or shear applied to the material.  
 
 
Figure 4.4.1: Strain sweep done on pure material and on nanocomposite  
P 3.0 wt. % processed at 280 ºC, 200 rpm. 
 
Pristine matrix investigated at the strain sweep mode shows constant 
behavior in a wide range. Besides, Figure 4.4.2 gives an indication of 
PC/ABS degradation during processing. Clearly decreased storage modulus 
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of the processed matrix is related to the shortening of polymeric chains due 
to the degradation. 
 
 
Figure 4.4.2: Storage modulus (G’) as a function of angular frequency (ω) for 
nanocomposites processed with masterbatch dilution.  
 
Investigation on the rheological properties of PC/ABS-MWCNT 
nanocomposites starts from securing the strain region with constant elastic 
modulus in order to provide the stable conditions during the measurements. 
Figure 4.4.1 shows curves for the neat matrix and the selected 
nanocomposite recorded at 280 ºC at frequency 1 Hz. Material  
P 3.0 wt. % was selected for this test due to the high MWCNT load and to 
rather low shear applied during the previous processing (Figure 4.1.7). The 
curves are sensitive to the presence of carbon nanotubes. The effect of 
narrowing the plateau for P 3.0 wt. % with an order of magnitude increase 
of the G’ values are observed. Therefore, the following tests are performed 
at a strain of 1.0 %, which is a compromise between the necessary low 
strain value and the linear viscoelastic properties of both materials.  
Chapter 4 
 
Conventional melt mixing 135 
 
 
Figure 4.4.3: Storage modulus (G’) as a function of angular frequency (ω) for 
nanocomposites processed with powder feeding.  
 
Storage modulus of the processed PC/ABS matrix is lower than the one 
recorded for an as-received blend, as it is shown in Figure 4.4.2. This is 
caused by the reduction of molecular weight during two processing steps 
(the masterbatch creation and further dilution) resulting with the increased 
movability of macromolecules in the melt. The thermal degradation of both 
components of the blend occurs with the reduction of molecular weight 
rather than with the cross-linking.[83,179] Even though the cross-linking 
appears at the initial stage of polybutadiene degradation, the content of this 
material in the blend is far too little to influence the rheology.[189] The 
gradual increase of carbon nanotubes load causes an increase of storage 
modulus, giving the Bingham plastic behavior at loads 3.0 wt. % MWCNT. 
This can be explained by the presence of percolated carbon nanotubes 
network.[153] The effect of storage modulus similarity at high frequencies 
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comes from the confinement of polymer chains within the carbon nanotubes 
network.  
Carbon nanotube content and dispersion show significantly higher influence 
on the rheology than the processing parameters. Curves showed in Figure 
4.4.3 represents the material processed by powder addition P at various 
screw speeds. The difference between processing methods can be observed 
between these curves and the results shown in Figure 4.4.2. The increase of 
storage modulus is measured at 1 rads-1 for P and MB with carbon 
nanotubes loads 1.0 wt. % and 3.0 wt. %. With an increase of MWCNT 
content the values changes between 10e3 Pa to 90e3 Pa and 7 e3 Pa to  
110 e3 Pa for P (processed at 400 rpm) and MB, respectively. The tendency  
G’P < G’MB at low frequencies and G’P > G’MB at high frequencies states 
different nanocomposites behaviors. Good nanofiller dispersion in MB 
nanocomposite increases the relaxation time at low frequencies. This is 
because the carbon nanotube network does not allow free movements of 
polymer chains. Besides, interactions between agglomerates and 
macromolecules are significantly weaker than between the individual 
nanotubes and polymeric chains. Therefore, the P nanocomposite shows 
lower values at low rotational frequency. At higher frequencies, when the 
solid-like behavior is inherited, the storage modulus is higher for P material. 
This can be related to the lower degree of matrix degradation due to less 
processing steps. Besides, agglomerates are present along the whole test in 
P nanocomposite while in MB material the network of carbon nanotubes in 
broken. 
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Figure 4.4.4: Complex viscosity (η*) of nanocomposites processed with 
masterbatch dilution.  
 
Additionally, changes related to the dispersion quality are observed when  
P 3.0 wt.% is processed at the various screw speeds. Even though the low 
shear during nanocomposite formation results with the stronger 
agglomeration (Table 4.1.3), storage modulus reported in Figure 4.4.3 
gradually increases with the screw speed. This minor increase is in contrary 
with the previous findings. However, assuming the absence of well-defined 
carbon nanotubes network in P nanocomposite and clearly worse 
morphology than in MB material, this effect can be related to the 
degradation of PC/ABS during the processing reported in Figure 4.4.2.  
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The selective filling of one component of an immiscible blend should result 
with the improved continuity of the components. Nevertheless, such an 
effect has not been reported clearly.[1] The complex viscosity presented in 
Figure 4.4.4 increases with the MWCNT content. Cox-Merz rule explained in 
Formula 4.10 shows the origin of the complex viscosity (η*)[190] for the 
unfilled polymers. It is proved that the steady-state shear viscosity plotted 
against the shear rate corresponds to the complex viscosity plotted against 
the angular frequency (ω). This rule applies to a broad range of polymer 
melts.[191] However, for the multiphase systems where the microstructure is 
affected by the flow, the rheological responses in dynamic and steady-shear 
are independent. It has been reported, that Cox-Merz rule holds for the 
relatively low MWCNT concentrations but becomes inaccurate above  
3.0 wt. % of carbon nanotubes.[192] Due to the characteristics of the 
nanocomposites based on fillers with high aspect ratio and the possible tight 
network formed when good morphology is obtained, the dependence of melt 
viscosity and MWCNT content increases at low frequencies. This is attributed 
to percolation of the nanofiller network inside PC and percolation of  
PC-MWCNT phase within the co-continuous blend.[1] Complex viscosities in 
Figure 4.4.5 show stronger influence of screw speed than the effect of 
carbon nanotube load. This is in agreement with the observations from 
Figure 4.4.3. Light transmission images of P nanocomposites (Figure 4.1.7) 
showing the dependence of screw speed on the dispersion of nanofiller can 
be correlated with Figure 4.4.5. Despite clear improvement of the 
morphology with the screw speed, the impact on complex viscosity is rather 
minor. Moreover, the powder feeding similarly to masterbatch dilution gives 
the decrease of complex viscosity with an increase of rotational frequency.  
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Figure 4.4.5: Complex viscosity (η*) of nanocomposites processed with powder 
method.  
 
Relationship between the dispersion of carbon nanotubes and the SME can 
be explained on MB material. Even though no significant change of the 
dispersion quality with an increase of MWCNT load is shown in Figure 4.1.5, 
the frequency sweep curve in Figure 4.4.4 shows significant change of this 
parameter.  
 
4.5. Influence of carbon nanotube content on electrical 
properties of PC/ABS-MWCNT nanocomposites 
Carbon nanotubes boost electrical conductivity of polymers many orders of 
magnitude changing the insulator into conductor.[152] This can be 
additionally controlled with the additives and processing parameters. 
Electrical conductivity of PC/ABS blend (Table 4.5.1) disables any application 
of this material related to the electrical properties. Nevertheless, the 
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incorporation of MWCNT allows the aforementioned increase of electrical 
conductivity.[152] Modification of nanofiller-polymer interactions gives 
additional benefits, e.g. the reduction of percolation threshold.[193] Electrical 
conductivity of the pristine matrix is improved over 12 orders of magnitude 
with the introduction of 1.0 wt. % of MWCNT. Besides, percolation 
threshold[194] is observed in PC/ABS blends. In fact double percolation 
threshold needs to occur, as this is the condition that must be fulfilled to 
reach conductivity in multi-phase blends. This phenomenon has been 
reported in polymers and is related to the formation of conductive network 
of the nanofiller in the hosting phase and to the continuous character of this 
phase in the blend[195-196] (in PC/ABS case polycarbonate is considered as the 
main phase).  
 
Table 4.5.1: Surface and volumetric electrical conductivities of PC/ABS and selected 
nanocomposites.   
 Processing Electrical conductivity 
Material [wt. %] [rpm] [ºC] ρs
(1) [S] ρv
(2) [S cm-
1] 
PC/ABS - - - 
5.7e-15  
(±  1.2e-13) 
6.3e-13  
(±  1.6e-12) 
P 2.0 100 280 
9.6e-3  
(±  0.5e-4) 
4.1e-2  
(±  0.2e-3) 
P 2.0 200 280 
2.8e-2  
(±  1.1e-4) 
6.0e-2  
(±  2.3e-4) 
P 3.0 200 280 
3.1e-1  
(±  3.1e-3) 
3.9e-1  
(±  1.8e-3) 
(1) surface electrical conductivity; (2) volumetric electrical conductivity 
 
Powder feeding-based processing method P gives rather poor morphology 
(Figure 4.1.7). Up to three orders of magnitude lower values of electrical 
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conductivity are the result of agglomeration of the nanofiller over the 
formation of the conductive network. Nevertheless, the processing methods 
influence can be observed in these materials. The increase of electrical 
conductivity between P 2.0 wt. % processed at 100 rpm and 200 rpm can 
be also explained with the morphology improvement at higher shear. At 
higher screw speeds better dispersion of carbon nanotubes is achieved and 
the quality of conductive network is improved.  
Figure 4.5.1 shows the electrical percolation above 2.0 wt. % carbon 
nanotubes for the material formed in masterbatch dilution method MB. This 
observation can be understood as a confirmation of the presence of MWCNT 
in ABS phase. Regarding the amount of ABS phase in the blend and the fact 
of MWCNT presence in PC, the percolation should appear at lower nanofiller 
loads if all carbon nanotubes are located in the main blend component. 
Besides, Figure 4.5.1 shows slightly better electrical properties when the 
nanocomposite is obtained at lower processing temperatures. Such an effect 
is explained by the aforementioned relation between the dispersion quality 
and the melt viscosity. Possibly, co-continuous structure of the 
polycarbonate affected by the processing parameters should be studied. The 
latter parameter needs to be selected to maintain the balance between the 
ability of agglomerates melt penetration and the ability to break the 
agglomerates by shear transfer.  
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Figure 4.5.1: Volumetric electrical conductivity of selected nanocomposites 
processed at 400 rpm.  
 
On the other hand, the incorporation of carbon nanotubes after their 
covalent modification results with the decrease of electrical conductivity 
when compared to pristine MWCNT (Figure 4.5.2). Carboxylic groups 
present on the surface of individual carbon nanotubes destroy the charge 
carrier paths. These electron paths are located mainly on the outer shell of 
the individual MWCNT. Moreover, the surface oxidation forming functional 
groups mainly on the ends of the individual nanotube (Figure 4.1.9a) creates 
the hindrance for the possible connections and formation of the network. 
The recognized carbon nanotube connections tip-tip, wall-tip and the most 
probable wall-wall are disturbed. This elevates the energetic barrier for the 
charge transfer between two individual, interconnected nanotubes. Such an 
effect is observed as the low electrical conductivity of the nanocomposite. 
Simple surface-oxidation of carbon nanotubes as nanofiller cannot be 
applied in the formation of highly-conductive nanocomposites.  
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Figure 4.5.2: Volumetric electrical conductivity of nanocomposites filled with 
MWCNT-COOH. 
 
Nevertheless, the percolation threshold for MWCNT-COOH is observed at 
lower nanofiller concentrations than for the analogous MB material, what 
can be related to the better dispersion. The change of MWCNT location in 
the blend due to the change of nanofiller-polymer interactions with surface 
oxidation of MWCNT plays a key role in this phenomenon, too. Besides, the 
influence of processing temperature is investigated for this nanocomposite 
revealing the lower electrical conductivity for material formed at higher 
temperature. Such dependence of the morphology on the processing 
temperature is explained by the effect of efficient energy for agglomerates 
breakage. At higher barrels temperature the required SME cannot be 
reached and the nanotubes network is fully formed.  
 
4.6. Preliminary conclusions 
Preliminary conclusions after twin screw extrusion gives insight into the 
performance obtained with various processing method at various conditions.  
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Table 4.6.1: Summary of PC/ABS-MWCNT nanocomposites (processed with powder 
addition method) performance; behavior relates to the increase of parameters 
defining columns.  
Property MWCNT load Melt temp. Screw speed(1) 
 Powder Addition (P) 
Dispersion quality  NA  
Thermal stability  NA  
Mechanical 
properties 
 NA  
Melt viscosity  NA  
Electrical 
conductivity 
 NA  
 Masterbatch dilution (MB) / (MB-COOH) 
Dispersion quality   /     /     /   
Thermal stability   /     /     /   
Mechanical 
properties 
  /     /     /   
Melt viscosity   /     /     /   
Electrical 
conductivity 
  /     /     /   
(1) performance relates mainly to higher values of the parameter; /  – significant 
increase/decrease of value, /  – moderate increase/decrease of value,  – no 
significant or not defined change.  
 
Conclusions summary is present in Table 4.6.1. Melt mixing of immiscible 
PC/ABS blend with commercial multi walled carbon nanotubes results with 
the similar material behavior. Nevertheless, the dispersion quality decreases 
more with MWCNT load for P materials than for MB nanocomposites. 
Besides, the thermal stability seems to increase with the carbon nanotubes 
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load for P but decrease for the other reported materials. Covalent 
modifications of the nanofiller show some differences in dispersion and 
thermal stability dependence to processing conditions as well. Screw speed 
seems to be the crucial factor influencing the final properties.  
 
4.7. Selection of samples with the best balance of properties 
Samples with the best balance of properties after the common extrusion 
method or the samples expected to show required results after the injection 
molding step are selected.  
The nanocomposites MB with the pristine carbon nanotubes are selected in 
order to perform the investigation on the common industrially accepted 
method with commercial materials. the study is aimed also towards the 
influence of carbon nanotube content and processing conditions during the 
nanocomposite formation on the final properties of injection molded 
specimen.  
Furthermore, P 5.0 wt. % is selected in order to investigate direct 
masterbatch dilution in the injection molding process. It is expected to 
observe the application of the shear during the dilution of masterbatch in 
the forming process rather than in extrusion. 
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5. Modification of conventional melt mixing 
 
Common method of nanocomposites formation by twin screw extrusion 
gives homogeneous morphologies, described in Chapter 4. Nevertheless, 
attempts to improve the two-step masterbatch dilution gave the solvent-
assisted MWCNT addition method. Feeding the suspension of carbon 
nanotubes in ethyl alcohol instead of pristine MWCNT was carried out in 
order to decrease the primary agglomeration coming from the nanofiller 
production. This method, despite removing the two-step processing 
limitation, is based on the idea of the primary MWCNT agglomerates 
breakage before the introduction of carbon nanotubes into the 
nanocomposite. Formation of the suspension of carbon nanotubes in ethyl 
alcohol provides relatively good penetration of primary agglomerates by the 
solvent and the transfer of mixing energy to these agglomerates through the 
solvent before twin-screw extrusion. The use of solvent is selected in order 
to provide mild conditions of agglomerates breakage with minimal 
shortening of carbon nanotubes. Besides, ethyl alcohol is a compromise of 
low-hazardous solvent with low boiling point, providing relatively stable 
carbon nanotube suspensions.  
 
5.1. Study of PC/ABS-MWCNT nanocomposites morphology 
5.1.1. Influence of nanocomposite processing on the 
morphology of PC/ABS-MWCNT nanocomposites 
Twin-screw extrusion combined with a carbon nanotube-ethyl alcohol 
suspension feeding gives the reduction of the number of processing steps. 
At the same time similar level of the nanofiller dispersion is maintained. 
Furthermore, the control of screw design and shear with the temperature 
and screw speed occurs,[58,158-159] making this method similar to the common 
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masterbatch dilution processing. Specific Mechanical Energy in the process is 
generally lower for the suspension-based method than for the masterbatch 
dilution method in the whole range of studied parameters. Explanation of 
such behavior can be related to the presence of ethyl alcohol in the system, 
which decreases viscosity of the melt influencing the torque necessary for 
achieving defined screw speed.  
 
 
Figure 5.1.1: Light-transmission microscopy image of nanocomposites processed by 
suspension method (S) at 260 ºC with 400 rpm: a) 1.0 wt. % MWCNT,  
b) 3.0 wt. % MWCNT.  
 
A slight decrease of carbon nanotubes dispersion quality is achieved with the 
advantage of the reduction of one processing step and elimination of the 
direct nanomaterials handling during the processing. Figure 5.1.1 shows OM 
images of nanocomposites with various carbon nanotube concentrations 
formed with suspension method. Similar agglomeration is present in both 
concentrations: 1.0 wt. % (Figure 5.1.1a) and 3.0 wt. % MWCNT (Figure 
5.1.1b). Nevertheless, there is a slight agglomeration increase when MWCNT 
load increases. This phenomenon is stronger for suspension method, while 
in the masterbatch dilution, the increase of carbon nanotubes load (within 
the studied range) is rather insignificant. Perhaps, double processing applied 
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in the MB method is responsible for this effect having higher significance on 
the material quality than processing with ethyl alcohol.  
 
 
Figure 5.1.2: Light-transmission microscopy image of nanocomposites  
(2.0 wt. % MWCNT) processed by suspension method (S) with 400 rpm: a) 240 ºC, 
b) 260 ºC. 
 
Mainly the influence of barrels temperature during the extrusion as  
a morphology determining parameter was investigated in this study. This is 
due to the minor influence of screw speed, probably influenced by the 
presence of ethyl alcohol. Commonly, the processing temperature needs to 
be selected together with the screw speed (and possibly with the screw 
design) to give the desired influence on the SME. High temperatures 
decrease the melt viscosity, so higher shear will be obtained at the same 
screw speed but at lower temperatures. However, below some defined 
temperature value, especially at the beginning of the screw, the polymer is 
not melted completely which can result in incomplete agglomerates 
penetration by the matrix giving poor morphology of the final material. 
Light-transmission micrographs of the nanocomposite with 3.0 wt. % 
MWCNT processed with suspension method at various temperatures in 
Figure 5.1.2 show the improvement of morphology with the increase of 
temperature. At 260 ºC the agglomerates appear in significantly lower 
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number and with the narrow size distribution. Such a minor agglomeration 
behavior in the suspension method even at relatively high MWCNT 
concentrations allows the investigation of slight changes appearing with the 
variations of temperature.  
 
 
Figure 5.1.3: Agglomerates size distribution in nanocomposite with  
1.0 wt. % MWCNT processed by suspension method S at 400 rpm.  
 
Chapter 5 
 
Modification of conventional melt mixing 151 
Observed behavior of the nanocomposite obtained by suspension method 
varies from the materials processed by powder addition or masterbatch 
dilution methods (usually the decrease of agglomeration with an increase of 
melt temperature at the same screw speed). Therefore, more attention 
needs to be given to the role of ethyl alcohol in the process.  
The residual alcohol introduced into the system during the suspension 
method acts as a plasticizer changing the viscosity of the polymer melt. 
Nevertheless, the amount of residual solvent is determined by thermo-
gravimetric analyses at the average below 1.0 wt. % of the specimen. This 
results with significantly lower ability of the system to transfer the energy 
that helps to break the agglomerates. Nevertheless, penetration of the 
agglomerates by the used solvent and the polymer melt seems to be 
improved. This effect is responsible for the observed decrease of the 
agglomeration at higher processing temperatures: reduced viscosity (related 
also to the change of the physical state of the solvent) along with the 
plasticizing effect of the solvent, helps to improve the final morphology of 
the nanocomposite. However, a slight negative impact on several properties 
is observed when ethyl alcohol-assisted nanofiller feeding is employed.  
Detailed investigation of the agglomeration behavior responding to the 
changes of processing temperature is shown on the nanocomposite with  
a lower concentration of carbon nanotubes, 1.0 wt. % MWCNT, but the 
same behavior exists for the other concentrations of carbon nanotubes. 
Figure 5.1.3a presents curves of the agglomerate area and the length at the 
applied barrels temperatures. A strong decrease of agglomerates area and 
length is observed with the change form 220 ºC to 240 ºC, while the 
increase of these parameters is present between 260 ºC and 280 ºC. This 
behavior is characteristic for the suspension method and not obvious in 
powder feeding or masterbatch dilution. The effect can be related to the 
aforementioned dependence of melt viscosity on barrels temperature. The 
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optimal conditions regarding melt viscosity at present concentration of ethyl 
alcohol provide best agglomeration results at moderate barrels temperatures. 
This behavior was not observed in OM images (Figure 5.1.2). The addition of 
ethyl alcohol is understood as an aforementioned introduction of a plasticizer 
to the system, even though it is expected to evaporate during the 
processing. This effect, along with the decrease of MWCNT agglomeration 
degree before the feeding, is responsible for the dispersion improvement up 
to the middle-high temperature. On the other hand, the gradual increase of 
the agglomerate aspect ratio (Figure 5.1.3b) indicates the change of 
agglomerate shape with the increase of processing temperature. 
Lengthening the agglomerates at higher temperatures can be explained with 
the higher impact of the rotational movement of the screws at these 
conditions. However, the most significant parameter describing the state of 
the dispersion, the average agglomeration density presented in Figure 
5.1.3b, clearly shows the decrease of the ratio between the global 
agglomerate area and the total investigated area. In this regard, the 
increase of barrels temperature during the suspension feeding in 
nanocomposite formation results with the decrease of agglomeration 
behavior, even though the relation of the size and shape of individual 
agglomerates with the temperature is not linear. Concluding, it seems that 
the best processing conditions for the solvent-assisted nanocomposite 
processing is moderate barrels temperature. Screw speed is a parameter of 
a minor importance due to the presence of solvent affecting melt viscosity.  
 
Chapter 5 
 
Modification of conventional melt mixing 153 
 
Figure 5.1.4: SEM micrograph of nanocomposite processed by suspension method 
at 280 ºC with 400 rpm: a) 1.0 wt. % MWCNT, b) 2.0 wt. % MWCNT, polycarbonate 
phase with carbon nanotubes. 
 
Observation of no significant changes of carbon nanotubes location between 
the main phases of the blend was made on suspension processing method. 
Polycarbonate is the main phase filled with the nanofiller, similarly to the 
masterbatch dilution and powder addition methods. Nevertheless, clearly 
higher presence of the nanofiller in the polybutadiene phase occurs in 
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solvent-assisted method of nanocomposites production. Figure 5.1.4a shows 
such an effect of the individual carbon nanotube located in the 
polybutadiene sphere. Such a coexistence of MWCNT and polybutadiene is 
observed in high number of micrographs. Therefore, this seems to be the 
common behavior independent on the processing parameters and 
understood as the nanofiller-matrix interaction change by the incorporation 
of solvent. The majority of multi-walled carbon nanotubes are still 
preferentially located in the polycarbonate as it is shown in Figure 5.1.4b. 
This is thermodynamically favored and occurs in also in masterbatch dilution 
and powder addition methods (Figure 4.1.7).[152,197]  
 
Table 5.1.1: Raman spectroscopy shifts of characteristic MWCNT bands in pristine 
nanofiller and in nanocomposites processed with solvent-assisted method and 
masterbatch dilution method.  
 Band shift [cm-1] 
Material D band G band 
MWCNT 1339 1575 
S  (2.0 wt.%, 400 rpm) 1350 1605 
MB  (2.0 wt.%, 400 rpm) 1347 1599 
 
Improved morphology in the suspension-based processing was proved also 
by Raman spectroscopy measurements. The up-shift of D- and G-band of 
the pristine carbon nanotubes occurs with the improvement of the dispersion 
quality and the related agglomerate size reduction between the processing 
methods (Table 5.1.1). The shift recorded for nanocomposite obtained by 
suspension method with 2.0 wt. % MWCNT processed at 400 rpm shows 
1350 cm-1 and 1605 cm-1 for D- and G-band, respectively. That shows the 
difference between the pristine nanofiller and the S nanocomposite in the 
range of 2.0 % (while 1.0 % is recorded for MB and for P materials). Higher 
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values of D- and G-band shifts for solvent-assisted method than for 
masterbatch dilution can be interpreted as an increase of the number of 
individually dispersed carbon nanotubes, not obvious in OM images.  
 
5.1.2. Influence of MWCNT modification on morphology of 
PC/ABS nanocomposites 
Non-covalent modification of multi-walled carbon nanotubes are based on 
the introduction of the commercial surfactant changing the interactions 
between the phases of the nanocomposite. Figure 4.1.8 presents the 
possible interactions between the additive and the nanofiller. The difference 
with covalent modification (the surface oxidation of MWCNT studied in the 
Chapter 4) is related to the absence of the chemical bonds and is 
theoretically maintaining the untouched surface of individual nanotubes. The 
change of the nanocomposite behavior was observed in nanocomposites 
with S-Triton, due to the physical absorption of surfactant molecules on 
MWCNT, decreasing the surface tension.[166] This reduces the agglomeration 
behavior by modulating the Van der Waals attraction forces between the 
individual nanotubes. Figure 4.1.8b-d shows the supposed surfactant 
absorption mechanisms. Examples a) presenting the encapsulation of the 
individual nanotube and d) with the random adsorption of surfactant 
molecules are the most probable for the applied MWCNT. Nevertheless, the 
situation present in Figure 4.1.8d was reported when surfactant is used.[198]  
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Figure 5.1.5: Light-transmission microscopy image of nanocomposites processed by 
suspension method with surfactant (S-Triton) at 260 ºC with 400 rpm: a) 1.0 wt. % 
MWCNT b) 2.0 wt. % MWCNT. 
 
Non-covalent modification was carried out with the suspension method by 
the addition of S-Triton. The stability of the suspension before feeding 
seems to be the crucial factor and can be related to the effectiveness of the 
surfactant. Commonly provided parameter characterizing the surface-active 
substances is the foam height showing good results for the applied Triton  
X-100. (Table 3.1.3). The stability of the surfactant in this test can be 
extrapolated to the overall effectiveness of surfactant. Van der Waals forces 
stabilize the interactions with carbon nanotubes preventing the 
agglomeration. These observations agree with the OM images present in 
Figure 5.1.5. The influence of surfactant on the morphology of 
nanocomposites shows strong decrease of MWCNT agglomeration, this 
indicates the correlation of the foam height parameter with the morphology 
of the nanocomposite.  
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Figure 5.1.6: Dependence of the average agglomerate length on screw speed for 
S-Triton formed at 260ºC.  
 
Influence of the nanofiller content for the investigated physical modification 
of carbon nanotubes shows the increase of the agglomerate length at 
elevated MWCNT loads (Figure 5.1.6). Nevertheless, such behavior is 
expected for applied modification. The influence of processing on the effect 
of surfactant addition was investigated mainly on one processing parameter. 
The influence of screw speed is studied along the MWCNT loads, revealing 
the increase of agglomerate length at higher speed (slightly reduced at 
elevated nanofiller loads). This can be explained by the influence of screw 
speed on melt viscosity. The general improvement of morphology for  
S-Triton observed in the light-transmission microscopy imaged can be 
concluded as the decrease of agglomerates number rather than the 
decrease of their size. Nevertheless, the agglomerates observed after the 
non-covalent modification of the nanofiller are slightly larger than for the 
non-modified carbon nanotubes (Figure 5.1.3).  
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Figure 5.1.7: SEM micrograph of nanocomposite S-Triton with 1.0 wt. % MWCNT 
processed at 260 ºC with 400 rpm.  
 
Control of carbon nanotubes localization in the main phases of PC/ABS by 
the solution processing with surfactant shows the increased MWCNT location 
in the interfacial region. This is confirmed by SEM and present on the 
micrographs (Figure 5.1.7a). Carbon nanotubes are located also in 
polybutadiene phase (Figure 5.1.7b). Nevertheless, the affinity of carbon 
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nanotubes to PC phase after the non-covalent modification remains almost 
unchanged. Difference between the effects of surfactant on the 
nanocomposite is related to the differences in the surface tension and 
polarity (Table 3.1.3). The difference of surface tensions between the matrix 
and carbon nanotubes for the nanocomposite with and without surfactant 
suggests the possible change of MWCNT location after the modification. The 
following decrease of interfacial tension between ABS-MWCNT is expected 
for the used surfactant. The individual carbon nanotube wrapped with the 
surfactant molecules show improved wetting coefficient towards both 
components of the blend, though. Therefore, no particular change in carbon 
nanotubes affinity to any component of the blend was further studied. 
Observation made in TEM micrographs of the nanocomposites obtained by 
the suspension method shows the possibility to distinguish PC and ABS 
(Figure 5.1.8). This is possible even though no staining agent was used. 
Such behavior is related to the residual MWCNT catalyst in the solutions with 
ethyl alcohol acting as a contrast agent during compounding. Metal 
complexes present in the commonly used contrast agents (OsO4, RuO4, 
(NH4)2MoO4, FeCl3) and in the catalysts usually used for MWCNT formation 
with CCVD method (TiO2, MgO, Ni-Mo, Fe
[199-200]) have similar chemical 
behavior. Moreover, the MWCNT used in this project are an industrial grade-
material carrying some amount of catalyst, while the contrast agent is 
usually used at relatively low concentrations (2 %[201]). 
The change of carbon nanotubes location in the blend after the non-covalent 
modification is present in Figure 5.1.8b. Carbon nanotubes in Figure 5.1.8a 
are relatively homogeneously dispersed in the whole polycarbonate 
component, while in Figure 5.1.8b MWCNT are located mainly in the 
interface region. It seems that the surfactant changes the interaction 
MWCNT-polymer rather than MWCNT-MWCNT, as the nanofiller tends to be 
more bundled in S-Triton 1.0 wt. % MWCNT. Nevertheless, there are rather 
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loose agglomerates of different appearance to these observed after the 
powder addition or masterbath dilution processing methods. This is an 
improvement of the primary agglomerates penetration. The nanofiller is 
present in a low quantity in ABS and in the interface region, which confirms 
the change of the affinity only to one phase after the non-covalent 
modification of the nanofiller. However, the size of bundles below 400 nm 
confirms better MWCNT dispersion than in the powder method (Table 4.1.2) 
and in the neat solution feeding (Figure 5.1.3). 
 
 
Figure 5.1.8: TEM micrograph of nanocomposites (1.0 wt. % MWCNT) processed at  
260 ºC with 600 rpm a) S, b) S-Triton.  
 
5.2. Study of thermal properties of nanocomposites 
processed by suspension method 
5.2.1. Thermal stability of nanocomposites 
Suspension feeding providing higher homogeneity than the other researched 
methods shows analogous thermal degradation behavior to powder feeding 
of masterbatch dilution method. Figure 5.2.1 show the influence of MWCNT 
content on the thermal stability of the nanocomposites. Formation of the 
nanocomposite causes the upshift of the weight derivative for ABS and the 
opposite action for polycarbonate phase. Such behavior is related to the 
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uneven division of carbon nanotubes between both phases of the matrix and 
is independent on nanofiller concentration. Besides, peak intensity varies for 
ABS phase at different MWCNT loads, which can be understood as the 
dependence of this phase filling.  
The difference between the decomposition temperatures of PC and ABS is 
observed for materials formed at various processing conditions (Figure 
5.2.2). Nevertheless, the decrease of weight derivative maximum (DTG 
curves) with the formation of the S nanocomposite occurs for PC phase and 
similar increase for ABS phase. Such behavior can be related to the 
parameter enclosing the degree of matrix degradation during the processing 
and the final morphology. Furthermore, the aforementioned difference in 
filling of both phases at various conditions can cause such a behavior.  
 
 
Figure 5.2.1: Weight derivative (DTG curves) for nanocomposites processed at  
(400 rpm) by suspension method S.  
 
Basing on the aforementioned findings, decrease of thermal stability for PC 
occurs for higher MWCNT content in this phase. Results in Figure 5.2.2 can 
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be related to the change of MWCNT location to ABS phase with the 
decreased processing temperature, though. Additionally, the increase of 
values for ABS present in Figure 5.2.2 agrees with general increase of the 
thermal stability of this phase at higher MWCNT contents (so also higher 
MWCNT loads in ABS).  
 
 
Figure 5.2.2: Dependence of the position of temperature derivative peak maximum 
on the processing temperature for nanocomposite formed with suspension method 
with 2.0 wt. % MWCNT . 
 
Interactions between the blend components and the nanofiller are changed 
when the surfactant is introduced in suspension method. Figure 5.2.3a 
shows clear decrease of the thermal decomposition temperature for ABS 
with screw speed increase for surfactant. Nevertheless, the non-covalent 
modification providing better morphologies results with the increased 
thermal stability of both blend components. However, the influence of 
carbon nanotubes load seems to be much stronger in ABS phase than in PC 
presented in Figure 5.2.3b. The behavior regarding the screw speed differs 
between the phases and polycarbonate exhibit higher stability at lower shear. 
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These observations confirm the morphology dependence on the thermal 
stability. However, non-covalent modification of carbon nanotubes gives 
different results than the powder addition method (Figure 4.2.2). Increase of 
the screw speed for nanocomposites processed by powder addition method 
gives the stability increase in both blend components, while in the presence 
of ethyl alcohol only polycarbonate shows improved values at higher screw 
speeds. Besides, this behavior is opposite to the one observed in Figure 
5.2.3, which can be related to slight increase of MWCNT in ABS phase at 
lower screw speeds. These observations confirm that it could be possible to 
control MWCNT location in blend components with surfactant addition. This 
could happen by the increase of the MWCNT load at low temperatures and 
at low screw speed.  
Change of the feeding method to the solvent-assisted results with no 
significant influence on glass transition temperature of PC but the decrease 
of this value for ABS (Figure 5.2.4). This can be correlated with the decrease 
of ΔCp for PC and ABS when the nanofiller load is increased (Figure 5.2.5). 
Such a behavior differs at various processing temperatures showing the 
higher dependence of ABS phase on the temperature during the 
nanocomposite formation. Highest ΔCp for ABS is observed at 220 ºC, while 
the mid-range barrels temperature gives lower value. This can be related 
with the quality of nanotube network formed in this phase (or presence of 
individually dispersed nanofiller) and agrees with the previous findings and 
the statement regarding MWCNT agglomeration behavior. The dispersion 
quality affects the mobility of polymer chains. Therefore, the mid-range 
processing temperatures show the improved morphology in nanocomposites 
processed by suspension method, which is confirmed by the lower ΔCp 
caused by the stronger interactions between polymer chains and nanotube 
network. The fact of absence of such strong behavior in PC phase can be 
concluded as an increased feeling of ABS phase in the mid-range processing 
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temperatures. Moreover, ABS seems to be more sensitive for changes than 
polycarbonate.  
 
 
Figure 5.2.3: Temperature derivative peak maximum for nanocomposite S and  
S-Triton for blend components: a) ABS, b) PC. 
 
Non-covalent modification of carbon nanotubes present in Table 5.2.1 
confirms clearly better morphology of S-Triton than for S nanocomposites, 
explained earlier (Figure 5.1.2 and Figure 5.1.5). The former nanocomposite 
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shows the lower ΔCp values for ABS component, with no significant change 
observed when MWCNT load increases. In the same time, the specific heat 
for PC slightly increases. S-Triton (compared to S) shows lower ΔCp for 
ABS but higher for PC phase, with the additional lower dependence of ABS 
phase on the screw speed. The surfactant gives higher MWCNT loads in ABS 
phase, which can be understood from the theory of the decrease of polymer 
chains mobility (related to the decrease of ΔCp) for more perfect MWCNT 
network (or lower carbon nanotubes load). Analysis of the processing 
parameters dependence on heat capacity does not reveal the significance of 
screw speed.  
 
Table 5.2.1: Change of heat capacity (ΔCp) at glass temperature for selected  
S-Triton nanocomposites formed at 260 ºC.  
Screw speed 
MWCNT 
[wt. %] 
ΔCp [J g
-1
deg
-1
] 
PC ABS 
S-Triton,  
400 rpm 
1.0 0.148 0.064 
2.0 0.149 0.054 
3.0 0.158 0.052 
S-Triton,  
600 rpm 
1.0 0.153 0.063 
2.0 0.159 0.054 
3.0 0.169 0.051 
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Figure 5.2.4: Glass temperature (Tg) of selected nanocomposites processed by 
suspension method: a) PC, b) ABS.  
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Figure 5.2.5: Change of heat capacity (ΔCp) at glass temperature for selected 
nanocomposites processed by suspension method: a) PC, b) ABS. 
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5.3. Study of mechanical properties in nanocomposites 
processed by suspension method 
Dynamic Mechanical Analyses carried out on nanocomposites processed by 
suspension method revealed higher influence of the screw speed than the 
melt temperature. Figure 5.3.1 shows storage modulus curves of the 
nanocomposite filled with 2.0 wt. % MWCNT processed at various conditions. 
Material formed at 600 rpm shows clearly higher values before the PC region. 
The two characteristic points on curves were selected to show the difference. 
At 120 ºC (ABS phase transition zone) the materials show the 
aforementioned dependence on screw speed, while at 150 ºC (PC phase 
transition zone) such differences do not exist. This is explained as  
a relatively stronger sensitivity of ABS on processing conditions. Besides, 
almost no influence of processing temperature was observed.  
 
 
Figure 5.3.1: Storage modulus of nanocomposites with 2.0 wt. % MWCNT formed 
at various conditions with suspension method; A: Polycarbonate degradation (at  
120 ºC), B: ABS degradation (at 150 ºC).  
 
Chapter 5 
 
Modification of conventional melt mixing 169 
There, the correlation between the screw speed and the processing 
temperature has more influence than the selection of the individual 
parameter.  
Non-covalent modification of carbon nanotubes the on mechanical properties 
shows lower tan δ temperature and rather undefined tan δ intensity after 
the introduction of surfactant. Figure 5.3.2 presents these parameters for 
polycarbonate phase as a dependence on MWCNT load.  
 
 
Figure 5.3.2: The dependence of polycarbonate phase tan δ peak position on 
MWCNT load in S and S-Triton nanocomposites.  
 
For both parameters, the opposite behavior observed for PC before and after 
addition of surfactant confirmed the change of carbon nanotube-matrix 
interactions. The upshift of tan δ temperature increasing with MWCNT load 
can be also caused by the presence of ethyl alcohol in the nanocomposite 
rather than by the surfactant. ABS component changes within a very narrow 
range between 1.0 wt. % and 3.0 wt. % MWCNT. The change of tan δ 
temperature for ABS ranges between 124.8 ºC and 145.2 ºC, while the 
change for tan δ intensity between 0.138 ºC and 0.139 ºC.  
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Table 5.3.1: Mechanical properties of nanocomposites formed with suspension 
feeding method at 260 ºC and 600 rpm. 
Nanocomposite Mechanical properties 
Method 
MWCNT 
[wt. %] 
E(1) [MPa] ε-y(2) [MPa] ε-b(3) [%] 
S 0.0 2164 (± 28.6) 50.6 (± 2.4) 10.3 (± 0.6) 
S 1.0 2902 (± 14.2) 52.1 (± 1.5) 9.1 (± 0.5) 
S 2.0 2949 (± 17.0) 57.7 (± 2.3) 8.6 (± 0.5) 
S-Triton 1.0 2752 (± 10.5) 59.9 (± 2.1) 6.9 (± 0.6) 
S-Triton 2.0 2827 (± 13.2) 56.7 (± 1.5) 6.7 (± 0.8) 
(1) Young’s modulus; (2) Stress at yield point; (3) Elongation at break. 
 
Tensile testing carried out on the representative nanocomposites processed 
by suspension method (Table 5.3.1) revealed slight decrease of mechanical 
properties (when compared to powder addition and masterbatch dilution 
methods), probably due to the presence of trace amounts of ethyl alcohol 
acting as a plasticizer. Young’s modulus increases with the increase of 
carbon nanotube load for both, suspension feeding method and S-Triton 
nanocomposites. The value of stress at yield point is improved for S-Triton. 
The stress at which nanocomposite begins to deform plastically is generally 
related to the dispersion quality. The improvement of ε-y is commonly 
provided by the decrease of the number of defects in the material  
(e.g. improving the filler dispersion) in order to increase the stress barrier. 
In case of surfactants, also the interaction between the modified MWCNT 
and the matrix plays an important role. Additionally, the elongation at break 
decreases with an addition of surfactant due to the improved morphology. 
Polymeric chains loose the possibility to move freely in the presence of well-
dispersed nanofiller and the breakage of the specimen occurs earlier than 
for the pristine matrix. Nevertheless, the Young’s modulus results are similar 
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to the values recorded for P (Table 4.3.1) while masterbatch dilution gives 
highest increase of mechanical properties among the investigated materials 
(Table 4.3.2). The stress at yield point seems to increase more for S than 
for P nanocomposites when carbon nanotube content increases. This can be 
related with stronger agglomeration in the latter nanocomposites at elevated 
MWCNT loads. Nevertheless, the initial value of the elongation  
(1.0 wt. % MWCNT) as well as the value at the higher carbon nanotube 
concentration (2.0 wt. % MWCNT) is 185% and 205% of the ones recorded 
for P. This is a typical behavior for polymers containing plasticizer.  
 
5.4. Comparison of electrical properties of nanocomposites 
The introduction of carbon nanotubes into the immiscible polymeric blend 
significantly improve electrical properties, which was proved in the Chapter 4. 
Boosted electrical conductivity of the polymers[152] can be additionally tuned 
with the additives and the processing parameters. The electrical conductivity 
graph containing values for PC/ABS-MWCNT nanocomposites processed with 
S and S-Triton methods is shown in Figure 5.5.1. Aforementioned MB 
nanocomposite is shown for comparison. Electrical conductivity increases 
with the increase of MWCNT load for nanocomposites processed by 
suspension method. The values obtained in this study are similar to the 
values obtained by the common industrial process of pre-dispersed 
masterbatch dilution. The percolation threshold is observed at the same 
carbon nanotubes concentration as in the MB nanocomposite. This can be 
understood as the similar quality of the nanofiller network in both 
nanocomposites. However, the values of electrical conductivity recorded 
below the percolation threshold are lower for the suspension method.  
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Figure 5.5.1: Volumetric electrical conductivity of selected nanocomposites 
processed at 400 rpm and 260 ºC.  
 
Figure 5.5.2 shows the importance of correct selection and correlation of the 
screw speed and barrels temperature. The highest values are recorded for 
the mid-range energy applied to the material during extrusion, which occurs 
for 400 rpm and 280 ºC or 600 rpm and 260 ºC. This should be the result of 
a balance between the nanotubes shortage and the agglomerates breakage. 
Nevertheless, the selection of high screw speed (responsible for the energy 
for agglomerates breakage and morphology improvement) and slightly 
reduced melt temperature seems to be the best option. The behavior of 
nanocomposites, regarding the effect of melt temperature and screw speed 
selection on electrical conductivity is similar with the nanocomposites 
described before.  
Besides, the influence of MWCNT modification on the electrical conductivity 
is shown in Figure 5.5.1. Both nanocomposites with non-covalent 
modification show the increase of electrical conductivity with the increase of 
MWCNT concentration. Nevertheless, the surfactant gives lower values after 
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the percolation threshold than the recorded for MB nanocomposite. This can 
be related to the disturbed contact between the individual carbon nanotubes 
due to the additive No change of percolation threshold concentration (with 
the same electrical conductivity as MB before that point) is observed for  
S-Triton. Despite the observed higher degree of nanofiller dispersion 
(Figure 5.1.5) a clear decrease of electrical conductivity occurs when 
compared to the non-modified carbon nanotubes-based nanocomposite 
processed with solvent-assisted method. These differences are also related 
to the presence of surfactant influencing contact between individual 
nanotubes. Even though the morphology difference between the two 
additives favors S-Triton to provide more conductive nanocomposites, the 
neat MWCNT in S nanocomposites shows higher values of this parameter.  
 
 
Figure 5.5.2: Comparison of volumetric electrical conductivity of nanocomposites 
formed with suspension feeding.  
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5.5. Preliminary conclusions 
Preliminary conclusions after the twin screw extrusion with the nanofiller 
addition in the form of suspension in ethyl alcohol are shown in Table 5.6.1. 
The performance obtained is studied for various processing parameters and 
for non-covalent modification of the nanofiller.  
The application of MWCNT-suspension feeding results with the behavior 
similar to dry methods for both types of nanocomposites. Morphology, 
mechanical- and thermal properties show relatively similar values. However, 
despite the trends similar to the masterbatch dilution method, there are 
differences observed between these main types of feeding.  
Thermal, electrical and mechanical properties modified with processing 
parameters need to be compromised in S nanocomposites, in order to reach 
the balance of the final properties. This is similar to the masterbatch dilution 
method. Melt rheology during the extrusion, understood as a response of 
material for selected screw speed and processing temperature, is directly 
related with the electrical conductivity. Moderate values of processing 
parameters provide better performance of electrical conductivity. Besides, 
the suspension feeding S and the masterbatch dilution MB show the 
potential to form the nanocomposites with an improved morphology. Despite 
the decreased number of processing steps, the morphology in solvent-
assisted method is improved. Nevertheless, similar effect of screw speed is 
observed for both methods, showing the increase of morphology at elevated 
values of this parameter. Thermal stability measurements and the study of 
mechanical properties prove changes of thermodynamically favored location 
of the nanofiller.  
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Table 5.6.1: Summary of PC/ABS-MWCNT nanocomposites (formed with solvent-
based methods) performance; behavior relates to the increase of parameters 
defining columns.  
Property MWCNT load Melt temp. Screw 
speed(1)  Suspension feeding (S) / (S-Triton) 
Dispersion quality   /     /     /   
Thermal stability   /     /     /   
Mechanical 
properties 
  /     /     /   
Electrical 
conductivity 
  /   
(2)  /   (2)  /   
(1) Perf rmance relates mainly to higher values of the parameter; (2) Regarding the 
results present in Figure 5.5.2; /  – significant increase/decrease of value,  
/  – moderate increase/decrease of value,  – no significant or not defined 
change. 
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6. Injection molding 
 
6.1. Processing conditions 
Injection molding of selected nanocomposites was carried out on a BOY 
Spritzgiessautomaten 12A machine equipped with a CTM-12LH mold 
temperature control. Characteristics of the injection molding machine are 
shown in Table 6.1.1. The temperature of nozzle understood as melt 
temperature was varied between 260°C and 280°C while mold temperature 
was maintained at 70°C. Injection speed varied between 5 mms-1 and  
150 mms-1, dependently on the design of the experiment. The weight of one 
shot with the sprue and runners was 6.7± 0.1 g. Injection pressure,  
a machine response to the selected parameters, varied in a range 70 to 
120± 10 bar. Dog-bone and rectangular specimens of geometry present in 
Table 3.3.1 were prepared and studied. The injection gate in both cases was 
located on the side of each specimen (Figure 6.1.1) so the melted 
nanocomposite travelling along the length of the mold cavity.  
 
 
Figure 6.1.1: Injection gate for both injection molded specimens.   
 
Two main feeding methods were applied during this study: common 
processing (COM) of the nanocomposite obtained in extrusion (injection of 
the MB material described in Chapter 3) or pre-dispersed masterbatch 
dilution carried out directly in injection molding machine (DD).  
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Figure 6.1.2: Results of capillary rheology for PC/ABS and its nanocomposite with 
2.0 wt.% MWCNT. 
 
Table 6.1.1: Characteristics of Injection molding machine.  
Parameter Unit Value 
Max. stroke volume (theoretical) cm3 20 
Max. shot weight (1) g 19.4 
Max. spec. injection pressure bar 2580 
Max. screw stroke mm 80 
Screw torque Nm 130 
(1) Measured in polystyrene 
 
Figure 6.1.2 shows minor differences of viscosity between the neat PC/ABS 
and PC/ABS-MWCNT with 2.0 wt.% of the nanofiller. This indicates that it is 
not necessity to change the injection molding parameters between these 
materials in order to provide similar processing conditions. The 
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nanocomposite characterized with slightly higher viscosity at lower share 
rates gives relatively similar values when the shear increases. Therefore the 
injection molding conditions in the preliminary stage were studied using 
pristine PC/ABS. The nanocomposites with various MWCNT concentrations 
were further processed with no change of injection parameters.  
 
6.1.1. Common injection molding process 
Selected nanocomposites, obtained previously using the two-step 
masterbatch dilution on twin screw extruder, were injection molded with the 
common method (COM) with the processing parameters shown in Table 
6.1.2. These processing parameters were selected due to the similarity with 
the injection molding process applied in industry. Homogeneous material 
introduced to the hooper does not suffer additional stress. Nevertheless, this 
method has to be considered as two-step processing: the material formed in 
the extrusion needs to be diluted to the designed nanofiller concentration 
and shaped further.  
 
Table 6.1.2: Common injection molding (COM) parameters.  
MWCNT Injection speed Melt temp. 
[wt.%] [mm s-1] [ºC] 
0.5 5; 10; 25; 50; 100; 150 280 
1.0 5; 10; 25; 50; 100; 150 280 
1.5 5; 10; 25; 50; 100; 150 260, 280 
2.0 5; 10; 25; 50; 100; 150 280 
3.0 5; 10; 25; 50; 100; 150 280 
5.0 5; 10; 25(1); 50; 75; 100; 
125; 150 
280 
(1) Additionally injection molded at 260ºC, 265ºC, 270ºC, 275ºC.  
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6.1.2. Masterbatch dilution in injection molding 
The pre-dispersed masterbatch with 5.0 wt.% MWCNT load was used in 
melt compounding to form nanocomposites and was diluted directly in the 
injection molding process (DD). Pellets of the masterbatch together with 
pellets of pristine matrix were mixed in the hooper and the dilution was 
carried out in feeding, transition and metering zones of the screw. This 
experiment, described in Table 6.1.3, resulted in reduction of the processing 
step affecting the final properties.  
 
Table 6.1.3: Injection molding with reduced number of processing steps (DD) 
parameters.  
Final MWCNT  
concentration 
Injection speed Melt temperature 
[wt.%] [mm s-1] [ºC] 
0.5 10; 50; 100 260, 280 
1.0 10; 50; 100 260, 280 
2.0 10; 50; 100 260, 280 
3.0 10; 50; 100 260, 280 
 
6.2. Study of MWCNT dispersion 
Injection molding is a commonly used method of plastics processing, and 
can be applied to MWCNT-based nanocomposites with polymeric matrices. 
Nevertheless, there are drawbacks due to the size of the filler and 
interactions with matrix chains in plastics containing MWCNT. The 
distribution of the nanofiller usually varies in the final part depending on the 
distance from the injection molding gate and the sample walls.[202] The latter 
skin effect can be observed as a gradient of filler load and alignment near 
the surface of the specimen and arises due to the temperature gradient 
inside the mold.[60,97] The skin effect has a comparable impact on the 
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properties of the material to the position (and shape) of the injection gate. 
Moreover, the final parameters vary significantly in this common process 
with the change of the defined control parameter, e.g. the injection velocity. 
This is due to the mutual relation between the set pressures, temperatures, 
injection velocity and viscoelastic properties of the material. The 
aforementioned factors influencing MWCNT location in the rectangular 
specimen are investigated in this work by a number of characterization 
methods. The material was subtracted from injection molded specimens at 
various distances from the injection gate (Figure 6.2.1). Various divisions of 
the rectangular bar were applied dependently on the characterization 
method used.  
 
 
Figure 6.2.1: Schematic zones for sample subtraction from injection molded 
specimens for different experiments; arrows indicate injection gate; a) sample 
subtraction for TGA, b) sample subtraction for OM, TEM and Raman spectroscopy.  
 
6.2.2. Morphology of injected samples 
Macro-scale optical microscopy reveals the obvious differences in 
morphology caused by DD and COM injection molding. Figure 6.2.2, Figure 
6.2.3, Figure 6.2.4 and Figure 6.2.5 show OM images from the areas near- 
and far from the injection gate obtained at low and high injection velocity. 
For injection molding with the lower number of processing steps (DD) 
(Figure 6.2.2, Figure 6.2.3) the morphology was significantly worse than for 
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the common injection process (COM) where the pre-diluted masterbatch 
was used. Layered structures appear due to the inefficient mixing provided 
by the screw, rather transporting characteristics. Insufficient mixing abilities 
due to the absence of kneading elements impede the efficient blending of 
the materials with different viscosities. Furthermore, no significant influence 
of the MWCNT content was observed by any of the characterizing methods.  
 
 
Figure 6.2.2: Nanocomposite with 1.0 wt. % MWCNT injection molded at 280 ºC 
and 10 mms-1 with reduced number of processing steps (DD): a) near-gate area,  
b) far-gate area.  
 
Analysis of OM images of the cross-sections of injection molded 
nanocomposites produced using the commonly applied method provides 
some understanding of the significance of shear during the processing. The 
images also indicate the rather poor mixing ability of screw in injection 
molding machine. The morphology improvement and relative independence 
on processing parameters was achieved with the addition of one 
masterbatch dilution step on twin-screw extruder (COM). Figure 6.2.4 
shows relatively good morphology (compared to Figure 6.2.2 and Figure 
6.2.3). Besides, the presence of agglomeration in shaped specimens for all 
performed experiments proves the difficulty of improving the morphology in 
injection molding. The morphology quality of nanocomposites is higher 
Chapter 6 
 
Injection molding 183 
before the injection molding (Figure 4.1.6) than after the processing step 
(Figure 6.2.6).  
 
 
Figure 6.2.3: Nanocomposite with 1.0 wt. % MWCNT injection molded at 280 ºC 
and 100 mms-1 with reduced number of processing steps (DD): a) near-gate area,  
b) far-gate area.  
 
The DD method shows the unchanged agglomeration behavior at various 
injection velocities. Figure 6.2.2 representing 10 mms-1 and Figure 6.2.3 
representing 100 mms-1 screw speeds show no clear difference between the 
agglomeration behavior in the areas near- or far from the injection gate. 
Nevertheless, the layered structure seems to be reduced to the certain areas 
at the defined distance from the injection gate when injection sped of  
100 mm s-1 were used (Figure 6.2.3). That can be understood as the 
application of moderate shear stress along with the partial relaxation of the 
melt. Nevertheless, the shear provided is not enough to break the 
agglomerates. A discontinuous structure is maintained along the length of 
the specimen injection molded at 10 mms-1 (Figure 6.2.2), also due to the 
insufficient energy applied in the final part of injection cycle.  
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Figure 6.2.4: Nanocomposite  with 1.0 wt. % MWCNT injection molded at 280 ºC 
and 10 mm s-1 (COM): a) near-gate area, b) far-gate area.  
 
 
Figure 6.2.5: Nanocomposite  with 1.0 wt. % MWCNT injection molded at 280 ºC 
and 100 mm s-1 (COM): a) near-gate area, b) far-gate area.  
 
On the contrary, the common injection molding method (COM) present in 
Figure 6.2.4 and Figure 6.2.5 shows morphology with relatively high 
homogeneity at low and high injection velocities. The agglomeration 
behavior at both velocities in the COM injection molding samples seems to 
differ more with the distance from the injection gate than in the DD method. 
An increase of agglomeration behavior in samples processed at  
100 mms-1 occurs at the area near the injection gate and can be explained 
as an entanglement of long carbon nanotubes. This causes significant 
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decrease of the flow ability and the location of such agglomerates in the 
initial part of the specimen. Figure 6.2.4a and Figure 6.2.5a show areas near 
the injection gate show more agglomerates (especially in the latter image 
with the material processed at 100 mms-1). The distance from the gate to 
the opposite wall of the mold seems to be sufficient enough to provide the 
shear for agglomerates breakage.  
Higher morphology discontinuity in nanocomposites processed with both 
COM and DD methods is observed at 100 mms-1 (Figure 6.2.3 and Figure 
6.2.5). In the latter case, despite the more homogeneous morphology, 
MWCNT-rich and -deficient layers appear. These regions are of much lower 
thickness, though. Such effects can be explained by the material-process 
relationship and appears to be a common problem in injection molding at 
elevated velocities. 
 
 
Figure 6.2.6: Edge of the specimen of nanocomposites (1.0 wt. %) injection 
molded at 280 ºC and 100 mm s-1: a) DD, b) COM.  
 
Skin effect described in the literature[60] is clearly present in DD materials. 
Figure 6.2.6a shows much more layered structure near the edge of the 
sample, amplified in the corner region. Such an effect is commonly related 
with the temperature difference in the mold causing much faster 
solidification of the nanocomposite melt which is in contact with the mold. 
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Figure 6.2.6b representing COM method shows no clear skin region. 
Nevertheless, according to Figure 6.2.7 presenting the principals of this 
effect and to the research presented below, the difference between the core 
and the edge of COM specimen exists. This observation limits the eventual 
electrical applications to parts produced by COM injection molding due to 
the greater isolation appearing on the surface of DD-injection molded 
specimens.  
Polymer flow in the mold is shown in Figure 6.2.7 including the simplified 
structure of three sections of the melt: frozen layer, skin- and core polymers. 
In fact, every new portion of polymer injected into the mold cavity became 
core polymer while the previous material located in this place is pushed 
further. This course of injection molding process causes disadvantages in 
nanocomposites processing. Besides the expected orientation of nanofillers 
with high aspect ratio (e.g. carbon nanotubes), some variety in 
concentration of MWCNT in various specimen areas occur.  
 
 
Figure 6.2.7: Fountain flow in the mold cavity: a) initial stage, b) middle/end of 
injection cycle.  
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Concluding the above observations, when the materials with reduced 
number of steps in melt compounding (nanocomposite P in Figure 4.1.4) is 
compared to the analogous material in injection molding (DD in Figure 
6.2.2), significantly higher agglomeration behavior is observed. These results 
underline that the crucial step in obtaining final samples is melt 
compounding. Further processing seems to be used mainly for maintaining 
the morphology obtained previously. The improvement of the morphology in 
injection molding seems to be rather difficult to achieve.  
 
 
Figure 6.2.8: Nanocomposite with 1.0 wt. % MECNT injection molded at 280 ºC 
and 100 mm s-1 with (DD); miniature shows micrograph from OM.  
 
TEM micrographs of nanocomposite with 1.0 wt. % MWCNT injection 
molded at 100 mms-1 and 50 mm s-1 are present in Figure 6.2.8 and Figure 
6.2.9, respectively. Material presented in these micrographs was diluted 
from 5.0 wt. % MWCNT in injection molding machine (DD) so that two 
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processing steps are present between formation of the nanocomposite and 
formation of the specimen. Although there is a significant difference in 
conditions during these two processes, clear changes in the morphology are 
present in attached OM images rather than in the micrographs. Nevertheless, 
in both micrographs carbon nanotubes are located in polycarbonate (bright 
appearance) rather than in ABS (dark areas).  
 
 
Figure 6.2.9: Nanocomposite with 1.0 wt. % MECNT injection molded at 280 ºC 
and 50 mm s-1 (DD); miniature shows micrograph from OM.  
 
Higher shear applied to the material related with the higher mixing ability of 
the process is present in the specimen shown in Figure 6.2.8. Nevertheless, 
according to the observations from Chapter 4, it is difficult to change the 
location of the nanofiller between the phases of the blend only by shear 
application. The major part of MWCNT after melt mixing is located in 
polycarbonate (Figure 4.1.7). However, the specimen processed at 50 mms-1 
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shows uneven distribution of the well dispersed carbon nanotubes in 
polycarbonate phase (Figure 6.2.9). The bright area in the micrograph 
(representing PC) with no nanotubes origin from the pristine matrix used for 
dilution of the masterbatch. Ineffective mixing results with the MWCNT-rich 
and -poor regions. Besides, the injection velocity seems to have more 
obvious influence on the morphology in micro-scale than it is observed in 
macro-scale. OM images attached to each micrograph show lower degree of 
agglomeration for material processed at higher injection velocity.  
 
6.2.2. Carbon nanotubes location in the sample 
Figure 6.2.10 shows the effect of first injection cycle in 3.0 wt. % MWCNT 
nanocomposite carried out after the machine was purged with pristine, 
unfilled PC/ABS. Such a change usually results with residual amount of the 
latter material in the nozzle. Due to the similarity between these materials 
such sample can be treated as a polymer flow model. Initial part of the dog-
bone specimen near the injection gate is MWCNT-deficient, while the gauge 
and the region furthest from the injection gate contain more carbon 
nanotubes. This needs to be understood as a difference of flow behavior of 
MWCNT-filled and unfilled blend, which is in agreement with further findings. 
Furthermore, the presence of minor amount of carbon nanotubes in the 
direct neighborhood of the injection gate is most probably related with the 
holding pressure. This pressure, applied to compensate the material 
shrinkage during cooling, is responsible for the injection of residual material 
into the mold cavity at the final stage of the process. The decrease between 
the filling and holding pressures caused carbon nanotube concentration 
differences within the sample, appearing as bright regions. Though the dog-
bone and rectangular shapes differ significantly, some assumptions can 
remain unchanged for both shapes. Besides, every change of the geometry 
Chapter 6 
 
Injection molding 190 
of the mold results with the change of shear and the formation of flow 
gradient.  
 
 
Figure 6.2.10: Demonstration of dog-bone specimen formed by injection molding 
from PC/ABS-MWCNT with the residual presence of PC/ABS in the nozzle; injection 
gate is marked with an arrow.   
 
The influence of masterbatch dilution in injection molding on the distribution 
of multi-walled carbon nanotube-rich regions within the specimen is 
investigated by Raman spectroscopy. Specimen preparation is cutting of the 
rectangular injected bar into five sections (Figure 6.2.1b). Laser beam 
during the experiment was focused on the three areas of the cross-sections 
present in Figure 6.2.11. However, only two main areas were specified in 
the results (side and center) due to the high repeatability of the records 
obtained from side A and side B.  
 
 
Figure 6.2.11: Raman spectroscopy measurements areas in cross-section of 
injection molded sample.  
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Raman spectroscopy results agree with the results obtained by optical- and 
transmission electron microscopy. D/G intensity ratio was calculated for all 
the recorded curves following methodology used in Chapter 4. Figure 6.2.12 
shows the results of the DD injection molding method for nanocomposites 
with 3.0 wt. % MWCNT. The increase of D/G ratio with the distance from 
the injection gate, for both zones of the cross-section, is related with the 
higher MWCNT load (and perhaps with the orientation) in the MID and FAR 
areas (Figure 6.2.1b). It can be also explained by the disturbed flow of the 
nanocomposite melt caused by passing the injection gate. This effect is 
present also at lower carbon nanotubes concentration, shown in Figure 
6.2.13, confirming no strong influence of this factor.  
 
 
Figure 6.2.12: D/G intensity plotted against the specimen area for nanocomposite 
with 3.0 wt. % processed by DD injection molding at 280 ºC and 100 mm s-1.  
 
Comparing this observation with the analogous material obtained by the 
COM injection molding method (Figure 6.2.14) shows similar behavior that 
is present also at the lower injection velocity (Figure 6.2.15). Therefore, the 
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obtaining of homogeneous mold filling in case of PC/ABS-MWCNT will be 
rather difficult, as the tendency to accumulate carbon nanotubes in the far-
gate area occurs independently on the processing method, concentration or 
injection velocity.  
Besides, opposite behavior of the core and the side of the specimen for the 
DD method in the areas near- and far from the injection gate are present at 
both investigated nanofiller concentrations. The middle area of the sample in 
this method seems to depend on the nanotubes concentration (Figure 6.2.12 
and Figure 6.2.13). Following Chapter 4, D/G intensity ratio is understood as 
an indicator of the quality of MWCNT dispersion and concentration of the 
nanofiller. This gives the image of nanotubes distribution in the specimen 
influenced by the total shear applied to the material.  
 
 
Figure 6.2.13: D/G intensity plotted against the specimen area for nanocomposite 
with 1.0 wt. % processed by DD injection molding at 280 ºC and 100 mm s-1.  
 
Discontinuous morphology in the material after the DD injection molding 
results with the lower MWCNT concentration in the core of the cross section 
(Figure 6.2.2 and Figure 6.2.3). Such variation in the morphology can be 
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related to the aforementioned fountain flow present in Figure 6.2.7 and the 
difference in flow-abilities between the matrix and the nanofiller. Melt 
forehead in the mold cavity is nanofiller-rich due to the higher flow ability of 
MWCNT than polymeric matrix. This is because the rigid, rod-like shape and 
not-entangled carbon nanotubes have higher number of freedom degrees. 
The injection process propels with the skin polymer being pushed aside by 
the core polymer (Figure 6.2.7). This causes the increase of MWCNT 
concentration in the side zone of the specimen in the area far from the 
injection gate.  
 
 
Figure 6.2.14: D/G intensity plotted against the specimen area for COM injection 
molding at 280 ºC and 100 mm s-1; MWCNT load: 3.0 wt. %.  
 
However, this behavior in the common injection molding (COM) (Figure 
6.2.14 and Figure 6.2.15) depends strongly on the injection velocity. These 
samples show higher precision of results due to the increased number of 
investigated areas. Significant decrease of injection velocity in the COM 
method gives the opposite behavior of carbon nanotubes in the central part 
and the side of the cross-section of the specimen. Figure 6.2.15 pictures 
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clearly higher MWCNT load in the central part along the whole specimen. 
Perhaps such strong decrease of the injection velocity (compared to Figure 
6.2.14) provides change of melt behavior and the decrease of the 
differences in flow abilities. This causes the opposite behavior of nanotubes-
rich and nanotubes-poor part of the blend. Higher D/G ratio in the side area 
along the whole length of the specimen, for 3.0 wt. % MWCNT sample 
injection molded at high velocity (Figure 6.2.14) suggests higher amount of 
carbon nanotubes or/and higher orientation. Besides, the injection molding 
at 100 mms-1 seems to give more homogeneous specimens. The difference 
of D/G intensity ratio between INJ-G and FAR samples (for both zones of the 
cross-section) is c.a. 0.06 for low- and only 0.02 for high velocity.  
 
 
Figure 6.2.15: D/G intensity plotted against the specimen area for COM injection 
molding at 280 ºC and 10 mm s-1; MWCNT load: 3.0 wt. %.  
 
However, significantly lower shear at 10 mms-1 is homogenizing flow abilities 
of the nanocomposite phases and does not cause location of MWCNT in the 
side-area of the cross-section (Figure 6.2.15). The major part of the 
nanofiller is located rather in the central part of the rectangular bar, what 
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agrees with Figure 6.2.4. More uniform distribution of carbon nanotubes 
along the length and the width of the injection molded specimen is perhaps 
possible at moderate velocities.  
Besides, D/G intensity ratio in both types of injection molding methods can 
include the share of the carbon nanotubes destroyed during the processing. 
Shortening, the most probable destruction of carbon structures, would cause 
higher flow ability of the nanotubes with reduced size and related 
preferential location of this filler in defined areas of the specimen.  
Summarizing the location of carbon nanotubes in injection molded samples, 
common injection molding process COM compared with direct masterbatch 
dilution in injection molding DD shows major differences in the initial part of 
the mold-filling step. This is related to the partial mixing of the matrix and 
the nanocomposite DD causing the difference in flow abilities of phases.  
 
 
Figure 6.2.16: Weight loss at 600 ºC in injection molded (COM, 280 ºC,  
100 mms-1) nanocomposite with 3.0 wt. % MWCNT.  
 
Besides, the nanofiller location along the injection molded specimen can be 
determined with TGA. Such experiment was done on the nanocomposite  
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3.0 wt. % MWCNT processed with the common injection molding method 
COM at high melt temperature and at high injection velocity (Figure 6.2.16). 
Sample cut into eight parts following the scheme in Figure 6.2.1a was tested 
on TGA showing various amounts of residual material after the experiment. 
Even though a part of this residue is related to the aromatic structures form 
the matrix, these results can be extrapolated to the amount of multi-walled 
carbon nanotubes in the nanocomposite. MWCNT are located mainly in the 
area far from the injection gate, what agrees with the above observations. 
Besides, the amount of inorganic residue in the part A indicating injection 
gate, is on the level of the central part of the specimen. This can be 
explained as a shear gradient caused by injection gate or by the holding 
pressure applied after the mold-filling step. This concentration is the desired 
nanofiller load undisturbed by the processing parameters. Besides, the 
nanocomposite melt at high temperatures is known to show different flow 
ability of the matrix and the nanofiller. Flow abilities of incompatible blend 
phases unevenly filled should vary as well. Such behavior explains the 
differences between specimen parts B and H stating clearly higher flow 
ability for carbon nanotubes. This difference can be possibly minimized with 
the application of mild injection velocity providing lower shear. Moreover, 
the behavior present in Figure 6.2.16 agrees with the other results obtained 
on nanocomposites with lower MWCNT load.  
 
6.2.3. Orientation of carbon nanotubes 
Orientation of carbon nanotubes was investigated as a binary parameter 
(presence or absence of oriented nanotubes) in the nanocomposites with 
high and low nanofiller load processed with the COM method at high 
injection velocity. Such processing conditions were selected in order to 
secure higher share of oriented carbon nanotubes. Figure 6.2.17 shows the 
area from where material for TEM imaging was subtracted.  
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Figure 6.2.17: Scheme of the region observed for oriented nanotubes localization 
(dark area); arrow shows the direction of nanocomposite flow.  
 
Methodology of this study includes the defined path with the initial part: 
TEM observation of material from injection molded specimen. Individual 
carbon nanotubes present in micrographs are defined in optical data 
analyses program (Figure 6.2.18a) and such network (Figure 6.2.18b) was 
further investigated. Study of MWCNT alignment is done with the presence 
of original image in order to provide images with high contrast necessary for 
precise results.  
 
 
Figure 6.2.18: Methodology of defining individual MWCNT: a) TEM micrograph with 
marked nanotubes, b) image prepared for analysis by program; sample PC/ABS with 
2.0 wt. % of MWCNT injection molded (COM) at 100 mms-1 at 280 ºC.   
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Orientation is investigated as a distribution of angles deviation between the 
Feret axis of individual carbon nanotubes and the theoretical vector 
v

located at 0º to the melt flow. Feret parameter (e.g. axis, diameter) is 
related to the dimension or the other value of the object measured in 
specified direction. Feret axis was selected for this study due to its specific 
characteristic. Multi-walled carbon nanotubes in injection molded samples 
are not straight and application of Feret parameter is crucial for obtaining 
understandable results. This data was later compared between both 
materials so that the lower number of individual filler particles occurring for 
0.5 wt. % MWCNT was taken into account.  
 
 
Figure 6.2.19 Distribution of angles of carbon nanotubes appearance representing 
the orientation of nanofiller; sample PC/ABS with 2.0 wt. % of MWCNT injection 
molded (COM) at 100 mms-1 at 280 ºC. 
 
Figure 6.2.19 shows the results of nanocomposite with 2.0 wt. % MWCNT 
while Figure 6.2.20 – with 0.5 wt. % MWCNT. Distribution of deviation 
angles seems to be very similar at various concentrations of the nanofiller. 
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Rather minor influence of nanocomposite viscosity on nanotubes orientation 
within the investigated loads can be concluded. Only c.a. 2.5 % of 
nanotubes in 2.0 wt. % MWCNT are located at an angle above 60º from v

. 
This can be understood as no orientation along the melt flow. For the 
nanocomposite with lower load, this value is slightly higher, c.a. 3.8 %. 
Furthermore, when the highest orientation (below 10º) is considered, also 
the latter nanocomposite shows higher value: 37.8 % versus 33.1 %. 
Nevertheless, this difference is clearly decreased confirming the above 
statement of little influence of the viscosity. Presence of the neighboring 
nanotubes, which is significantly increased at elevated loads, does not affect 
significantly the orientation.  
 
 
Figure 6.2.20: Distribution of angles of carbon nanotubes appearance representing 
the orientation of nanofiller; sample PC/ABS with 0.5 wt. % of MWCNT injection 
molded (COM) at 100 mms-1 at 280 ºC. 
 
Lower values of small angles below 5º observed at both investigated loads is 
most probably related to the methodology. Calculated parameters allow only 
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relatively well aligned nanotubes to be recorded in this range. This means 
that the Feret axis should overlap the actual axis of the individual nanotube 
with high accuracy. Considering relatively high curvature of the nanotubes 
(Figure 6.2.18b), aforementioned 10º limiting high alignment seems to be  
a correct value.  
Besides, the orientation of carbon nanotubes in different areas of the 
specimen could be slightly different due to the fountain flow. This 
phenomenon is not investigated in this part of the work. However, the 
orientation in the whole specimen should be similar, strongly influenced by 
the direction of polymer flow. This should not affect further investigated 
properties.  
 
6.3. Flammability of injection molded nanocomposites 
Rather poor flame propagation parameters of polymer materials are 
commonly improved by the addition of flame retardants. This parameter is 
crucial for all the applications, e.g. in construction or automotive sectors. 
Increase of ignition temperature or reduction of flame propagation speed is 
usually achieved. Multi-walled carbon nanotubes are well known non-
phosphorous and halogens-free additive decreasing the flammability of the 
polymeric materials at relatively low concentrations, even though MWCNT 
are not fire-retardants itself.[203]  
Injection molded samples were compared to the samples obtained in melt 
compounding and shaped in compression molding. Selected PC/ABS and its 
nanocomposites processed at the same conditions COM shown in Figure 
6.3.1 indicates the different behavior towards flame propagation. 
Flammability of pristine matrix is significantly higher than of nanocomposite, 
what is unchanged after injection molding. Besides, drips of the burning 
material are present during testing, which causes shortening of the initial 
sample (Figure 6.3.1c). The total degradation occurs after relatively short 
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time (Figure 6.3.1d). After the formation of nanocomposite (2.0 wt. % 
MWCNT) flammability is clearly decreased with both parameters: burning 
time and the behavior. Moreover, neither dripping nor shortening of 
specimen length were observed during burning (Figure 6.3.1b). Nevertheless, 
total burning of nanocomposite sample occurs with similar flame 
propagation properties.  
 
 
Figure 6.3.1: Various materials injection molded (COM) at 280 ºC at 100 mms-1:  
a) PC/ABS-MWCNT with 2.0wt. % before and b) after flammability test, c) PC/ABS 
before and d) after flammability test.  
 
The influence of carbon nanotube content on flammability is shown in Figure 
6.3.2. The linear burning rate decreases strongly after the formation of 
nanocomposite, keeping the same trend with the successive increase of 
MWCNT concentration. The most probable mechanism regulating flame 
suppressing in the nanocomposites assumes the flame retardancy depending 
on the state of MWCNT dispersion. The tight network of well-dispersed 
carbon nanotubes of possibly high aspect ratios[204] provides strong barrier 
resistance to the evolution of volatiles and oxygen ingress to the condensed 
phase.[205] This applies to materials processed within one method so that no 
Chapter 6 
 
Injection molding 202 
significant differences occurs (e.g. polymer matrix degradation) influencing 
the results. Additionally, at the beginning of nanocomposite burning process 
the protective char is created, providing the heat thermal barrier.[174] Both 
effects: homogeneous morphology and graphitization are reported to have 
the influence on heat release rate for MWCNT-based nanocomposites.[205-206]  
Furthermore, self-extinguishing of the specimen was observed after the 
removal of burner at the higher nanofiller loads. This is related to the 
increased barrier properties. Such an increase occurs due to the formation of 
tighter nanofiller network, despite significantly higher agglomeration 
behavior at elevated MWCNT concentrations.  
 
 
Figure 6.3.2: Linear burning rate for different injection molding (280 ºC and  
100 mm s-1) methods for nanocomposites.  
 
The linear burning rate as a representative parameter defining flame 
resistance of polymer-based materials was plotted versus carbon nanotube 
content for DD and COM processing in Figure 6.3.2. Injection molding of 
nanocomposite results with various burning rates dependently on carbon 
nanotubes load and on morphology (determined by the number of 
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processing steps). Clear decrease of this parameter is observed, what means 
that the flame propagation is decreased when more MWCNT is introduced. 
Besides, COM process gives lower than DD burning rates along the whole 
range of carbon nanotubes concentrations. This is related to clearly better 
morphology of the former material (Figure 6.2.4 and Figure 6.2.5). Better 
dispersion of carbon nanotubes gives tighter network that improves barrier 
properties and decreases the emission of gaseous decomposition products.  
 
 
Figure 6.3.3: Linear burning rate for injected (280 ºC) and compression molded 
specimens of nanocomposites with 2.0 wt. % MWCNT and for pristine matrix.  
 
Further investigations on the influence of injection molding parameters and 
processing method on linear burning rate are shown in Figure 6.3.3. Clear 
decrease of flammability occurs between compression and injection molding. 
This effect is present for the pristine matrix and for the nanocomposite, 
suggesting involvement of polymer chains. Besides, injection velocity 
increase in both, DD and COM methods, show the decrease of linear 
burning rate. Such behavior is related to the above explanation. Tighter 
packing and orientation of carbon nanotubes and polymer chains in injection 
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molding is believed to decrease flame propagation. Furthermore, high 
injection velocity providing higher shear can be related to the decrease of 
carbon nanotubes agglomeration and an increase of network quality. 
Regarding the previous preliminary conclusions, the tight network with 
rather random MWCNT orientation is necessary for good barrier properties 
improving incombustibility. Nevertheless, higher injection velocity generally 
providing 1D (MWCNT) or 2D (graphene) nanofiller alignment in the melt 
flow direction,[60] show rather minor influence. General conclusion after the 
comparison of thermal stability of nanocomposites obtained by compounding 
(Chapter 4) with their flammability shows rather little relation between these 
properties. Nevertheless, the decrease of flammability seems to occur with 
the improvement of morphology.  
 
6.4. Mechanical reinforcement in injection molded 
nanocomposites 
Mechanical reinforcement of PC/ABS blend achieved after the incorporation 
of carbon nanotubes, present in Chapter 4, was studied after the COM 
injection molding method. All recorded data showed clearly the improvement 
of mechanical properties of PC/ABS with an increase of MWCNT 
concentration. Figure 6.4.1 shows Young’s modulus dependence on the 
carbon nanotubes concentration at low and high injection velocities. 
Stabilization of the improvement of mechanical properties present in the 
form of plateau occurring above 1.0 wt. % MWCNT was explained by the 
higher nanofiller agglomeration behavior at elevated concentrations. 
Furthermore, the increase of Young’s modulus at elevated injection velocity 
(and melt temperature) was related to the orientation of carbon nanotubes 
at these conditions and to the alignment of polymer chains in the direction 
of the flow. Such an orientation and alignment in the direction of the applied 
Chapter 6 
 
Injection molding 205 
force during tensile testing provides an anisotropic reinforcement of the 
material.  
 
 
Figure 6.4.1: Young’s modulus dependence on injection velocity and MWCNT load 
in nanocomposites injection molded (COM) at 280 ºC.  
 
General increase of the stress at yield point present in Figure 6.4.2 is 
reported with the increase of carbon nanotubes content and injection speed. 
The most significant change, not present here, was observed at 270 ºC, 
what can be understood as the higher impact of the processing parameters 
on material brittleness. Yield stress was constant with the increase of 
injection velocity at 280 ºC. This is due to the higher agglomeration of 
carbon nanotubes at elevated temperatures. Macro-size agglomerates 
increase brittleness of the material due to the faster occurrence of the loss 
of interfacial interactions with matrix. Individual carbon nanotubes creating 
well-structured network in the material allow higher mobility of polymer 
chains than agglomerates, which are considered as defects. The general 
trend showing higher values of yield stress at elevated melt temperatures 
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and injection velocity is therefore related to the loss of elasticity of the 
nanocomposite. Plateau for both applied injection velocities occurred above 
2.0 wt. % MWCNT marking the influence of increased agglomeration 
behavior.  
 
 
Figure 6.4.2: Yield stress dependence on injection velocity and MWCNT load in 
nanocomposites injection molded (COM) at 280 ºC.  
 
The decrease of elongation at break was observed with an increase of melt 
temperature and the decrease of injection velocity (Table 6.4.1). Besides, 
the influence of nanofiller load was typical for MWCNT-filled polymers[160] 
and showed the decrease of elongation with an increase of the load. 
Nevertheless, carbon nanotubes concentration at low loads seems to be of 
minor significance in PC/ABS-MWCNT when compared to the processing 
parameters. Reduced elongation at break at elevated injection velocity for 
the same nanofiller concentration is related to aforementioned orientation of 
individual nanotubes. Besides, observed εb decrease between 25 mms
-1 and 
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100 mms-1 is followed by the region of relatively higher independence on 
injection velocity. This is related to the shear change at low values of 
injection velocity and possibly to the distribution of nanofiller (and 
agglomerates) in the mold varying at low- and high injection velocities. The 
former factor seems to be more significant though. 
 
Table 6.4.1: Elongation of nanocomposites injection molded (COM) at 280 ºC.  
MWCNT Elongation at break 
[wt.%] 25 (1) 100 (1) 
0.0 13.06 (±  0.15) 12.44 (±  0.28) 
0.5 11.85 (±  0.30) 11.27 (±  0.28) 
1.0 11.66 (±  0.12) 11.12 (±  0.11) 
2.0 11.53 (±  0.14) 11.07 (±  0.19) 
3.0 10.72 (±  0.21) 10.19 (±  0.07) 
(1) injection velocity [mms-1] 
 
The effect of particle size was reported and showed the highest importance 
on elongation at break at rather low filler concentrations (below  
15 wt. %).[207] Expected increase of agglomeration size in PC/ABS-based 
nanocomposites at elevated temperatures showed such influence on 
elongation behavior.  
Figure 6.4.3 shows the storage modulus at tan δ for nanocomposites with 
higher MWCNT load. Decreased dependence of this parameter on injection 
velocity above the 50 mms-1 forms the plateau for both blend phases. This is 
related to the elevated values of shear at higher injection velocity. Therefore, 
no significant increase of storage modulus observed above the  
50 mms-1 which agrees with the previous findings from tensile testing. 
Furthermore, the temperature of tan δ maximum present in Figure 6.4.4 
shows the clear decrease for both blend phases. Appearance of tan δ 
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maximum at lower temperatures at elevated injection velocity proves better 
energy storage by the nanocomposite at these processing conditions.  
 
 
Figure 6.4.3: Storage modulus at tan δ maximum for both blend phases versus 
injection velocity (COM, 5.0 wt. %, 280 ºC). 
 
 
Figure 6.4.4: Storage modulus at tan δ maximum for both blend phases versus 
melt temperature during injection molding (COM, 5.0 wt. %, 25 mm s-1).  
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Such an improvement can be related to higher polymer chains and nanofiller 
orientation leading to the formation of anisotropic material. Force during 
DMA test is applied to the specimen in the direction perpendicular to the 
melt flow, which explains the behavior. 
 
 
Figure 6.4.5: Temperature at tan δ maximum for both blend phases versus 
injection velocity (COM, 5.0 wt. %, 280 ºC).  
 
The influence of the melt temperature during injection molding present in 
Figure 6.4.5 and Figure 6.4.6 show various behaviors on tan δ. Storage 
modulus values at tan δ maximum for ABS phase decreases with the 
temperature, while an increase was observed for polycarbonate in the same 
conditions. This effect show difference with injection velocity influence on 
both phases – no plateau was observed within the suggested processing 
temperatures range. Mechanical properties of PC phase in the injection 
molded nanocomposites increases at elevated melt temperatures. 
Nevertheless, that change is only 30 % of the values observed for ABS, 
decreasing significantly with the increase of the melt temperature during 
injection molding. Such trend can be understood as carbon nanotubes 
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location change between the nanocomposite phases with the increase of the 
melt temperature. It is supposed that MWCNT migrate to polycarbonate due 
to the higher affinity with this phase, facilitated by the change of melt 
viscosity.  
 
 
Figure 6.4.6: Temperature at tan δ maximum for both blend phases versus melt 
temperature during injection molding (COM, 5.0 wt. %, 25 mm s-1).  
 
Figure 6.4.6 presents temperature of tan δ maximum for both blend 
components for the nanocomposite injection molded at various 
temperatures. The decrease of this parameter for both phases occurs and 
the highest values of the processing temperature. Such a slight decrease of 
the mechanical properties with an increase of melt temperature was 
probably related to the degradation of polymer chains at elevated 
temperatures or to the increase of melt viscosity at higher temperatures. 
This allowed higher MWCNT mobility in the melt and the following 
agglomeration. Such an effect decreases the amount of nanofiller for the 
benefit of macro-size particles (agglomerates).  
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Figure 6.4.7: Nanoindentation results of nanocomposites injection molded (COM) 
at 280 ºC and: a) 25 mms-1, b) 100 mms-1.  
 
Curves recorded at similar conditions for the pristine PC/ABS and for the 
nanocomposites below 3.0 wt. % MWCNT show lower force values at  
25 mms
-1
 (Figure 6.4.7a) than at 100 mms
-1
 (Figure 6.4.7b). Lower force 
reading can be explained with the increase of material stiffness after the 
formation of the nanocomposite. This is related with an increase of the 
elastic modulus and the hardness at higher injection velocity.
[163]
 Nano-
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reinforcement effect causes the down-shift of the load-displacement curves, 
which was understood as a reduction of the remaining depth with the 
increase of the nanofiller load. An incorporation of MWCNT into the polymer 
matrix increases the elastic modulus and hardness of pristine matrix due to 
the intrinsic strength and high aspect ratio of the individual carbon 
nanotubes. Hardness has been defined as a resistance of material surface 
against the deformation caused by a normal force, while the elastic modulus 
is the ability of material to recover its former shape.
[163]
 Therefore, it is 
expected that at elevated MWCNT concentration the interaction of the 
indenter with nanotubes increases. Consequently, the elastic modulus and 
the hardness should show higher values with an increase of MWCNT 
content. Resistance of the material against the deformation caused by the 
normal load was improved and higher elastic recovery was observed.  
After the introduction of 3.0 wt. % MWCNT, Young’s modulus (Figure 6.4.8) 
increased 36 % at 25 mms
-1
 and 14 % at 100 mms
-1
. Hardness (Table 6.4.2) 
increased 46 % at 25 mms
-1
 and 21 % for 100 mms
-1
. Such behavior was 
reported earlier for other polymers.
[163,208]
 An increase of hardness (Table 
6.4.2) indicates higher resistance of the material against the deformation 
caused by a normal load. Similarly, an increase in the yield stress was 
observed in macroscopic tests and therefore a good correlation with tensile 
test results can be reported. However, a decrease in nanoindentation 
properties was observed for 3.0 wt. % MWCNT at 25 mms
-1
. This may be 
caused by the non-homogeneous distribution of the agglomerates (e.g. wide 
distribution of agglomerates size). Moreover, this value is similar to the 
pristine PC/ABS, which confirms moderate loads required for an effective 
reinforcement at the reduced injection velocities. Higher nanoindentation 
properties were observed for elevated injection velocities on the Young’s 
modulus (Figure 6.4.8) and the hardness (Table 6.4.2). The improvement of 
both parameters with an increase of MWCNT content was observed and  
a plateau is present above 0.5 wt. %. Samples injection molded at  
100 mms
-1
 show slightly lower Young’s modulus and hardness than PC/ABS 
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samples after the Ar ion beam irradiation (3.4 GPa and 0.2 GPa, 
respectively).
[162]
 
 
 
Figure 6.4.8: Young’s modulus dependence on injection velocity and MWCNT load 
in nanocomposites injection molded (COM) at 280 ºC; results based on 
nanoindentation.  
 
Mechanical properties measured by tensile test showed the same tendency 
as the values from nanoindentation. The continuous increase in Young’s 
modulus and stress at yield point with carbon nanotubes increase occurred. 
Young’s modulus and stress at yield point are also higher at elevated 
injection velocity, probably due to the higher carbon nanotubes orientation. 
Nevertheless, the elastic modulus determined by nanoindentation is higher 
than the macroscopic one. This reveals more remarkable nanofiller influence 
in nanoscale, taking into account the local character of the measurements. In 
addition, macroscopic mechanical test (tensile test) is less sensitive to 
carbon nanotubes distribution than the nanoindentation measurements. 
However, the values of Young’s modulus and hardness at 25 mms
-1
 for  
3.0 wt. % MWCNT are similar to the values of pristine PC/ABS as  
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a consequence of non-homogeneous dispersion. There is no evidence of 
this effect in macroscopic response.  
 
Table 6.4.2: Hardness and plasticity based on nanoindentation results on injection 
molded (COM) nanocomposites.  
MWCNT Hardness [MPa] Plasticity index 
[wt. %] 25 (1) 100 (1) 25 (1) 100 (1) 
0.0 132 (± 31) 197 (± 27) 0.70 (± 0.04) 0.64 (± 0.03) 
0.5 186 (± 30) 215 (± 9) 0.65 (± 0.04) 0.61 (± 0.03) 
1.5 190 (± 17) 207 (± 10) 0.64 (± 0.03) 0.62 (± 0.02) 
3.0 142 (± 23) 231 (± 4) 0.67 (± 0.03) 0.63 (± 0.02) 
(1) injection velocity [mms-1] 
 
Plasticity index present in Table 6.4.2 decreases with an increase of 
MWCNT content below 3.0 wt. % MWCNT, indicating the improvement in 
elastic recovery of nanocomposites after removing the external load. Similar 
behavior was reported for epoxy-based vinyl-ester polymer matrix with 
graphene nanoplatelets.
[163]
 An exceptional increase of plasticity index for 
3.0 wt. % MWCNT at 25 mms
-1
 was observed. This is due to the 
agglomeration of the carbon nanotubes at elevated loads
[170,208]
 caused by 
the low injection velocity. On the other hand, the reduction of the plasticity 
index at 100 mms
-1
 (stating improved plastic recovery) was obtained at low 
nanofiller loads with a plateau above 0.5 wt. %.  
 
6.5. Electrical properties of injection molded nanocomposites 
Two methods of electrical properties determination of PC/ABS-MWCNT 
nanocomposites (Figure 3.4.12) related to surface- and volumetric electrical 
conductivity are applied to investigate the performance achieved after 
injection molding. Figure 6.5.1 illustrates the electrical conductivity 
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dependence on the MWCNT content and on the injection velocity for 
PC/ABS-MWCNT nanocomposites processed at 280 ºC. The conductivity 
increases with the nanofiller content. Electrical conductivity remains within 
one order of magnitude between the extreme values of each material  
(e.g. 4.8 E-3 Scm-1 for 3.0 wt. % and 1.2 E-3 Scm-1 for 1.5 wt. %) with 
higher values appearing at low injection velocities. This can be explained by 
the theory of carbon nanotubes location in the core of the specimen[209] 
confirmed by Figure 6.2.10 and Figure 6.2.13 and based on the direct 
influence of shear gradient for various injection velocities.  
 
 
Figure 6.5.1: Electrical conductivity of nanocomposite injection molded at 280 ºC.  
 
Figure 6.5.2 shows the relation between surface and volumetric conductivity 
of samples obtained with the direct masterbatch dilution in injection molding 
machine. Electrical conductivities are similar at low injection velocity, which 
proves the similar morphologies in sample skin and core. From 60 mms-1 
onwards both conductivities are constant: 0.1 Scm-1 and 1.1 Scm-1 for 
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surface and volumetric conductivity, respectively. The core of the specimen 
is MWCNT-rich at higher injection velocities and the nanofiller is oriented in 
the direction of the flow. This causes the increase of volume electrical 
conductivity giving also more differences between volume and surface 
conductivities. However, this phenomenon seems to have no strong relation 
with agglomeration. At higher injection velocities the surface conductivity is 
measured in low MWCNT concentration skin region, so the lower values are 
observed.  
 
 
Figure 6.5.2: Electrical conductivity of nanocomposite with 5.0 wt. % MWCNT 
injection molded (COM) at 280 ºC.  
 
The sensitivity of the surface conductivity to the skin layer at low injection 
velocity was already presented by Villmow et al.[60] Figure 6.5.3 shows the 
analogous studies of both electrical conductivities dependence on the melt 
temperature during processing. Volumetric and surface conductivity show 
the opposite behavior, with the closest values between 270 ºC and 275 ºC 
which seem to be the best temperature for obtaining homogeneous samples. 
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However, the differences are significantly lower than the in the previous 
study, indicating higher influence on injection velocity on electrical 
conductivity.  
 
 
Figure 6.5.3: Electrical conductivity of nanocomposite with 5.0 wt. % MWCNT 
injection molded (COM) at 25 mms-1.  
 
Direct masterbatch dilution DD in injection molding results with different 
electrical properties behavior of the nanocomposite with respect to the 
injection velocity. Such differences between DD and COM methods are 
present at low- (Figure 6.5.4) and high (Figure 6.5.6) MWCNT loads. 
Intensive change of the electrical conductivity at low injection velocities was 
already observed with the opposite trend (Figure 6.5.1). Reversed behavior 
of the material in DD and COM processing is based on the different nature 
of both methods. The former one includes mixing of masterbatch and 
pristine matrix in injection molding, which is hampered due to the viscosity 
difference and transporting (not mixing) character of the screw. Therefore, 
the higher injection speed providing higher shear results with higher 
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homogeneity of the material and the following formation of co-continuous 
nanocomposite. The COM injection molding on the contrary shows slight 
decrease of morphology (or maintaining the dispersion state achieved in 
melt-mixing) rather than the effective breakage of agglomerates.  
 
 
Figure 6.5.4: Electrical conductivity of nanocomposites (lower MWCNT loads) 
diluted in injection molding with DD method.  
 
Furthermore, in both cases melt temperature during injection molding shows 
influence on the electrical conductivity. Elevated values of the temperature 
provide higher conductivity and this effect is more obvious for 
nanocomposites with low carbon nanotube loads (Figure 6.5.4). This is most 
probably due to the viscosity difference between the masterbatch and the 
pristine matrix. At elevated temperatures both melts have the decreased 
viscosity, which facilitates mixing and carbon nanotubes migration between 
the nanofiller-rich and -poor phases.  
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Figure 6.5.5: Electrical conductivity of nanocomposites (higher MWCNT loads) 
diluted in injection molding with DD method.  
 
6.5.1. Recovery of conductive network 
The recovery of electrical conductivity was investigated after various 
material processing routes (Figure 6.5.6). The experiment reported in Table 
6.5.1 consists of three groups of PC/ABS-MWCNT nanocomposites. Materials 
were principally processed by injection molding and compression molding. 
This was followed by grinding the specimens and compression molding such 
obtained materials. Raw material for the first processing step (first 
compression or injection molding: Figure 6.5.6a or Figure 6.5.6b, 
respectively) was produced with masterbatch dilution in extruder (samples 
COM from Table 6.5.1) or in injection molding machine (samples DD). 
Significant differences between electrical conductivity of two different 
processing paths of one material are showed in Table 6.5.1. Compression 
molded nanocomposite with 3.0 wt. % MWCNT shows electrical conductivity 
over two orders of magnitude higher than the same nanocomposites after 
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injection molding. Nanocomposite diluted in injection molding shows lower 
electrical conductivities than the previous method for both velocities.  
 
Table 6.5.1: Electrical conductivity after various processing paths done on injected 
(280 ºC) nanocomposites; values are in Scm-1.  
Proc.(1) 
Inj. 
veloc.(2) 
COM(3) DD(4) 
1.5 wt.% 3.0 wt.% 1.5 wt.% 3.0 
wt.% 
C 01 (a) - 1.62E-01 2.38E-01 - - 
C 02 (c) - 3.18E-01 1.76E-01 - - 
I 01 
(b) 10 - 8.29E-03 3.52E-04 6.94E-03 
(b) 100 - 3.81E-03 1.97E-04 2.76E-03 
C 01 
(d) 10 - 3.73E-01 5.44E-02 1.98E-01 
(d) 100 - 3.21E-01 5.97E-02 2.47E-01 
(1) Processing: C-compression molding, I- injection molding; (2) Injection velocity  
[mms-1]; (3) Two processing steps before 1st processing; (4) one processing step 
before 1st processing 
 
Grinding the samples after the first processing and the following 
compression molding of that material shows the expected results of leveled 
electrical conductivities in the final specimens. Both, masterbatch dilution in 
extrusion and in injection molding, show significant differences of 
conductivity between the first and the second processing. An increase of two 
orders of magnitude for previously injected samples was observed. Moreover, 
after the re-compression, electrical conductivity becomes constant between 
both processing velocities and both methods. The final values are similar 
within one nanofiller concentration, which can be explained as the relaxation 
of carbon nanotube network. These results show that non-homogeneously 
distributed nanofiller leaves the possibility of electrical conductivity recovery 
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after the formation of the final part. Similar effects are reported in the 
literature for the increase of electrical conductivity of nanocomposite melt[95] 
or the change of electrical properties after the specimen annealing.[210] In 
both examples the changes are related to the viscoelastic relaxation of the 
polymer matrix allowing the reorientation of loosely-packed agglomerates 
and not entangled carbon nanotubes. This explanation applies also to the 
presented observations.  
 
 
Figure 6.5.6: Scheme of nanocomposite re-processing paths for conductive network 
recovery presented in Table 6.5.1.  
 
Results present in Table 6.5.2 are the confirmation of the above findings. 
Besides the higher electrical conductivity observed at elevated injection 
velocity, all values of electrical conductivity recorded after DMA are higher 
than before this experiment. This is related to the recovery (or formation) of 
carbon nanotube network after temperature- and stress treatment. Vibration 
at frequency 1 Hz along with the temperature slightly above PC glass 
transition temperature provides good conditions for nanofiller movement. 
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Chains relaxation allows higher number of MWCNT freedom degrees what 
results with significant nanotube-nanotube contact improvement and the 
following increase of the electrical conductivity.  
 
Table 6.5.2: Electrical conductivity change after DMA test on injected (280 ºC) 
nanocomposites (MB); values are in Scm-1.  
MWCNT 
[wt. %] 
Before DMA After DMA 
25(1) mms-1 100(1) mms-1 25(1) mms-1 100(1) mms-1 
0.5 5.11 E-05 1.07 E-04 2.81 E-04 4.00 E-04 
1.0 8.25 E-05 2.08 E-04 4.43 E-04 5.03 E-04 
2.0 1.45 E-04 2.73 E-04 5.56 E-04 6.46 E-04 
(1) Injection velocity  
 
6.6. Preliminary conclusions 
Preliminary conclusions on injection molding of PC/ABS-MWCNT are present 
in Table 6.6.1. Two independent variations of processing were studied along 
with the influence of the most important processing parameters.  
Application of the method basing on direct dilution of masterbatch in 
injection molding machine does not bring improvement in the morphology, 
compared to the common injection molding. Besides variations in MWCNT 
dispersion quality, the location of nanofiller is different in these methods. 
Orientation of carbon nanotubes along the melt flow in the common method 
is relatively high. Increased flammability of injection molded specimen, 
compared to compression molded nanocomposites, along with the 
improvement of mechanical properties is related to tighter packing of 
polymer chains and nanofiller. Nanoindentation test shows the influence of 
nano-scale filler on micro- and macro-scale mechanical properties. Electrical 
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conductivity, slightly decreased after injection molding, show higher values 
when the samples are re-processed and the nanotubes network is 
rearranged. This gives the possibility of carbon nanotube-filled 
nanocomposites application also after recycling.  
 
Table 6.6.1: Summary of the performance of injection molded PC/ABS-MWCNT 
nanocomposites; behavior relates to the increase of parameters defined in columns.  
Property 
MWCNT 
load 
Injection 
gate 
distance 
Injection 
velocity 
Melt 
temperature 
 Common processing (COM) 
Morphology    NA 
Thermal stability  NA NA NA 
Flammability  NA  NA 
Mechanical 
properties 
 NA   
Electrical 
conductivity 
 NA  NA 
 Direct dilution processing (DD) 
Morphology    NA 
Thermal stability  NA NA NA 
Flammability  NA  NA 
Mechanical 
properties 
 NA NA  
Electrical 
conductivity 
 NA  NA 
/  – significant increase/decrease of value, /  – moderate increase/decrease 
of value,  – no significant or not defined change. 
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7. Modelling of injection molded nanocomposites 
 
Computational simulation of polymer processing supports the understanding 
of material behavior and enables a complete study of manufacturing 
processes of short fiber-reinforced polymers. Injection molding, in its 
complexity, requires the support of mathematical methods for full 
understanding, especially for nanocomposites processing. Microfiller 
orientation in the specimen obtained by injection molding differs 
dependently on the distance from the mold wall and from the injection gate. 
Variations of shear and melt-mold temperature exchange coefficients 
influence the orientation of one-dimensional filler, which can be described by 
mathematical model with relatively good accuracy. Nevertheless, the 
accuracy of such model is questioned when the nano-scale filler is used for 
calculations. Different interactions between the matrix and the nanofiller 
causing difference in flow behavior require modification of the previous 
mathematical model.  
In this chapter, the orientation of carbon nanotubes is investigated in 
injection molded specimens. Influence of the orientation on the position 
from injection gate is studied. Besides, the resulting output from the 
calculations is compared with the experimental data in order to estimate the 
data fitting.  
 
7.1. Methodology and basic assumptions 
7.1.1. A short description of numerical models 
Fokker-Planck mathematical model, known as Kolmogorov equation,[211] is  
a widely accepted method to solve stochastic differential equations, e.g. for 
engineering solutions). The general concept of Brownian particle in a fluid 
(e.g. describing a hypothetical system with a certain number of freedom 
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degrees) described by this model has an advantage of the limited 
parameters use.[212] Equation 7.2 shows Fokker-Planck model for n(t,x): 
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The necessity of extended calculations disables the application of other than 
Tucker-Folgar models (e.g. Fokker-Planck) to solve large scale industrial 
problems. Therefore, the Tucker-Folgar method (Equation 7.2) simplifies the 
calculation process by using fiber orientation tensors defined as moments of 
the distribution function.[213] The fiber orientation tensor (αij) defining the 
orientation on 3D meshes depends on the vortical tensor (describing local 
rotary motions of polymer melt) (½ wij) and the deformation rate tensor 
(½ γij). The Cl coefficient defines fiber-fiber interactions and is determined 
basing on the experimental data.  
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The major challenge in applying the Tucker-Folgar model into  
PC/ABS-MWCNT nanocomposite study is related with the usual use of this 
method to solve macro-scale problems. Commonly simulated carbon or glass 
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short-fiber reinforcement does not show such strong fiber-fiber interactions 
as seen for nano-scale fillers, such as carbon nanotubes.[145] In this case the 
Cl coefficient needs to be correctly selected in order to simulate expected 
conditions.  
Finite elements method, a mathematical method having wider application 
than aforementioned models, can be applied to calculate orientation tensors 
of one-dimensional fillers in polymer matrix, too. It is a common method 
used for calculation of numerical approximations to the unknown analytical 
solution.[214-215] After cutting the specimen volume into smaller elements and 
interconnecting them at nodes, the set of basic functions defining the 
process are calculated. Such a simplification forms a convenient, universal 
approach. Nevertheless, disadvantages of formation of a closed solution 
(disabling study of once-defined system at various conditions) and easiness 
of mistakes need to be taken into account.  
Computational simulation of multi-walled carbon nanotubes behavior in 
PC/ABS immiscible blend during injection molding process was carried out 
with the use of various types of software. Moldex 3D-Fiber (CoreTech 
System Co., Ltd.) software simulates the 3-D orientation of carbon 
nanotubes in the process of mold filling during injection molding. The 
anisotropy of the nanocomposite, responsible for the physical properties of 
the final part were predicted with the support of OpenFOAM (OpenCFD Ltd. 
at ESI Group) software defining the laws of fluid flow.  
 
7.1.2. Assumptions used for the calculation 
Data-feed for the computational simulation contains study of the 
nanocomposite viscosity present in Figure 6.2.1 along with the carbon 
nanotubes and matrix characteristics present in Chapter 3. The injection 
molding conditions simulated in this calculation were similar to the 
conditions applied for the experimental tests. The nanocomposite injected 
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into the mold cavity at 280 ºC at 100 mms-1 was described in Table 3.3.1. 
The carbon nanotube content in nanocomposite was simulated at 2.0 wt. %. 
This concentration was a compromise between expected high freedom of 
individual carbon nanotubes and relatively high nanofiller load.  
Simulations were carried out for 13 sets of (X, Y) coordinates selected along 
the specimen length, shown in Figure 7.1.1. Section N=13 represents the 
area near the injection gate while N=1 is the area at opposite end of the 
mold cavity. These sets of coordinates are evenly spaced along the y axis 
being the direction of the melt flow marked in Cartesian coordinate system 
in Figure 7.1.1. Calculations are performed for the central area of the mold 
cavity, marked as a gray area. Each of these coordinates has the tensors of 
15-30 nodes spread throughout the specimen height, designated as the  
z axis in Figure 7.1.1.  
 
 
Figure 7.1.1: Schematic explanation of theoretical sample division in computational 
modeling process with the definition of axes; gray area shows the investigated area.  
 
The resulting data is shown as a set of 13 graphs of the tensors at each  
(X, Y) coordinate. Each graph contains the distribution of the nanofiller share 
that is parallel to the defined axis of the Cartesian coordinate system (x, y or 
z in Figure 7.1.1). The change is plotted along the height of the specimen  
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(x in Figure 7.1.1). Besides, a graph that shows the standard deviation for 
each tensor along the length of the specimen is shown to highlight the 
change in standard deviation in this direction. 
 
7.2. Calculation results 
Differences in orientation of carbon nanotubes in various parts of the final 
injection molded specimen can be observed in Figure 7.2.1. Orientation is 
strictly related to the melt flow in the mold cavity.  
Graphs of all three tensors for selected coordinates N=1, 4, 7, 10 and  
13 show that the stabilization of the flow provides the constant orientation 
of MWCNT along the specimen height before the segment 10.  
That makes c.a. 23 % of the specimen length after the injection gate. Above 
that distance, the fountain flow of injected melt can be assumed to provide 
a homogeneous morphology with oriented nanofiller. Besides, all the 
reported graphs show a significantly higher percentage of carbon nanotubes 
oriented along the y axis (length of the specimen), which is an expected 
result. Tensor x, showing the orientation of carbon nanotubes along the 
width of the specimen, is on the level of c.a. 20 % for all the examples 
shown in Figure 7.2.1, except the injection gate region. This effect is caused 
by the fountain flow. Furthermore, the disturbances present for all the 
coordinates in the c.a. 0.0-0.5 mm and 1.5-2.0 mm are caused by material 
behavior near the skin region.  
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Figure 7.2.1: Graphs showing z, y and z tensors at selected coordinates.  
 
Considering the graph of material at coordinate N=13 in Figure 7.2.1 in 
more detail, it can be observed that the homogenization of MWCNT 
orientation tensors occurs along all the axes of the Cartesian coordinate 
system. The injection gate region (also for N=12 or 11, not shown here) is 
characterized by non-laminar and rather turbulent flow causing little or no 
Chapter 7 
 
Modeling of injection molded nanocomposites 231 
alignment of nanotubes. This is shown as low values of the orientation 
parameter ψ for x, y and z, ranging between 20 and 40 %. Nevertheless, the 
skin region (at specimen height below 0.5mm and above 1.5mm) of 
coordinate N=13 shows material behavior similar to other parts of the 
specimen. This suggests that the effect of poor MWCNT orientation in the 
core region at injection gate is related to the application of holding pressure. 
The residual nanocomposite melt injected into the mold cavity at the end of 
the cycle is isotropic and no conditions to change this state occur. Therefore 
the considered area should be also isotropic. Besides, this study shows 
change of nanotubes orientation in injection gate area from tensor  
y towards z, not along the expected x axis.  
Individual study on each tensor along the mold cavity length give similar 
results at those at the far-gate region, but different nanofiller orientation 
behavior near the gate area. Figure 7.2.2 shows the x tensor at the 
beginning (N=13 to N=10) and at the end (N=3) of the specimen. The 
constant orientation of carbon nanotubes of c.a. 21 % is independent on the 
specimen height. Further interpretation of this graph shows a clear decrease 
of the percentage of nanotubes oriented along the mold width with 
shortening the distance from injection gate. Moreover, the distribution of 
MWCNT orientation along the x axis (explained in Figure 7.1.1) show the 
aforementioned effect of holding pressure.  
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Figure 7.2.2: Curves of x tensor versus specimen height.  
 
Figure 7.2.3 shows a detailed insight into the evolution of the y tensor along 
the injected specimen length. Coordinates N=1 (not shown here for clarity) 
to N=7 show no significant change with shortening the distance to injection 
gate and a value of orientation parameter is c.a. 75 %. This can be 
understood as the situation where the majority of carbon nanotubes are 
oriented along the specimen length. A significant change in orientation 
parameter with an increasing pith between the coordinates starts from N=9, 
so near the 30 % of the specimen length counting from injection gate. 
Unlike in the evolution of tensor x, here the decrease of MWCNT orientation 
occurs in the specimen core region. The constant value of orientation 
parameter in the skin region suggests the occurrence of a frozen 
nanocomposite layer in the initial phase of the cycle independent of the 
specimen area (coordinates). Besides, the drop of orientation to 40 % shows 
the significance of holding pressure and the fountain flow.  
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Figure 7.2.3: Curves of y tensor versus specimen height.  
 
The opposite trend in the evolution of nanofiller orientation is observed with 
shortening the distance to injection gate (Figure 7.2.4). Orientation along 
the z tensor increases near the injection gate, causing a large share of the 
total nanofiller load to be present at the very beginning of the specimen  
(N-12, 13). Before that, the gradual increase of orientation along the 
thickness, the least expected, is on the level 5-15 %. The negligible share of 
this tensor can be explained if the front of the nanocomposite melt advances 
mainly across and along the sample, due to the dimensions of the mold 
(width: 2 mm, thickness: 10 mm). Therefore, such an increase of MWCNT 
orientation along the z axis in the core region compared to the initial value 
at N=3 only confirms the formation of aforementioned isotropic state near 
the injection gate.  
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Figure 7.2.4: Curves of z tensor versus specimen height.  
 
Nevertheless, standard deviation plotted versus specimen length individually 
for each tensor in Figure 7.2.5 shows rather poor accuracy in the initial part 
of the specimen (N=13 to N=8). The accuracy of the z tensor shows trend 
similar to the other curves. However, the values near N=13 are 
unexpectedly high, especially concerning the low values of the orientation 
parameter. This can be explained by the highly unpredictable isotropic 
character of the specimen in the injection gate area. Furthermore,  
a significant increase of standard deviation value occurs at N=3 for x and  
y tensors representing the main direction of the fountain flow. Such an 
effect is most probably related to the disturbances of the end of mold cavity. 
The advancing melt suddenly stops causing changes in morphology.  
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Figure 7.2.5: Standard deviation for each tensor along the specimen length.  
 
7.2.1. Comparison between theoretical and experimental data 
Comparison between the aforementioned results of computational modeling 
of MWCNT orientation in injection molded specimen and the experimental 
data present in Chapter 6 were carried out. Both methods used for the 
determination of carbon nanotube orientation differ significantly, which 
makes a full comparison difficult. Nevertheless, tensors x and y of 
coordinates N=3 to N=7 at the half-height (c.a. 1.0 mm) can be used for 
experimental and theoretical data fitting, due to relatively high similarity 
with the area of sample subtraction for experimental tests.  
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Figure 7.3.1: Percentage of carbon nanotubes fitting the area defined by vectors  
a) experimental values, b) calculated values.  
 
Figure 7.3.1a shows the result of the study of Feret’s axes (described in 
Chapter 6), used as a definition of individual carbon nanotubes in 
experimental tests. Only 0.4 % of the total MWCNT quantity is parallel (or is 
within 30º) to z axis, defined in Figure 7.1.1. This is clearly a lower value 
than the calculated 6.1 % (Figure 7.3.1b). Besides, carbon nanotubes 
defined with tensor y create a lower share in experimental method (59.0 %) 
than calculated (73.9 %). The experimental result (8.2 %) gets closer to the 
mathematical model for z tensor, when the considered area is 0º to 45º and 
45º to 90º. Nevertheless, the difference between both methods can be 
related to various factors and the precision of determining individual carbon 
nanotubes orientation by experimental methods may be insufficient. This 
arises from nanotube curvature and application of the Feret parameter. On 
the other hand, the Tucker-Folgar method still requires improvement in 
order to provide correct simulation for nanocomposites.  
 
7.3. Preliminary conclusion 
Similarity of the nanocomposite morphology described by the applied 
mathematical model and studied on specimens after injection molding 
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suggest that an agreement between the Tucker-Folgar method and 
experimental data exists. Both investigation methods show change of carbon 
nanotube orientation along the specimen length towards the direction 
perpendicular to melt flow with the decrease of distance from injection gate. 
This effect must have negative influence on properties such as electrical 
conductivity. Furthermore, the skin region observed earlier is well defied in 
the applied mathematical model. The expectations of relative similarity of 
MWCNT orientation along the whole specimen length should be changed 
after introduction of the presented model. It is clear that the injection gate 
influencing the melt flow.  
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8. Conclusions and future research 
 
8.1. Conclusions 
The effect of processing conditions and nanofiller feeding method during the 
twin-screw extrusion was investigated in the initial part of this study. The 
results from various analytical techniques used to fully characterize the 
nanocomposite and determine its behavior gave the overview of properties 
improvement.  
 Study of morphology revealed the influence of processing parameters on 
the MWCNT dispersion in nanocomposites. The nanofiller dispersion 
quality decreased with the nanofiller load showing relation with the 
specific mechanical energy. Besides, no significant change of the 
location of majority of carbon nanotubes in the polycarbonate phase was 
observed in any of the applied nanofiller feeding method. However, 
masterbatch dilution showed the importance of two processing cycles in 
the nanocomposite formation step.  
 Thermal properties showed dependence with the dispersion of MWCNT 
in the polymer matrix. The change of the heat capacity at the glass 
transition temperatures indicated the increase of carbon nanotube 
content in the ABS phase at elevated loads. 
 Mechanical percolation was significantly lower than electrical percolation, 
indicating difficulties in the formation of conductive path. An 
improvement of mechanical properties with an increase of the MWCNT 
load was correlated with the theoretical values from the modified Halpin-
Tsai method.  
 Electrical conductivity improvement with MWCNT load increase was 
observed to be dependent on the processing conditions.  
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 Use of surface-modified carbon nanotubes in masterbatch dilution 
method show little impact on the influence of the processing parameters. 
Electrical percolation in the nanocomposites with  
MWCNT-COOH was lower than for pristine MWCNT. However, the 
destruction of charge paths by the surface oxidation caused significant 
decrease of electrical conductivity.  
 Modification of nanofiller feeding method with the introduction of carbon 
nanotubes suspension in ethyl alcohol allowed reduction of the number 
of processing cycles with maintaining similar material properties.  
 Introduction of non-covalent modification of the nanofiller gave an 
improvement in the final morphology. Electrical conductivity dependence 
on processing parameters was studied. Besides, no significant change of 
studied properties comparing to the suspension feeding method with the 
pristine nanofiller was observed.  
 
Selected nanocomposites from twin-screw extrusion were injection molded 
in order to investigate the influence of processing parameters during the 
common industrially-accepted material shaping process.  
 Application of the method basing on the direct dilution of masterbatch in 
injection molding machine brought no improvement in the morphology, 
compared to the common injection molding. The common injection 
molding gave strong nanofiller agglomeration in the final material.  
 Orientation of carbon nanotubes along the melt flow in the common 
method is relatively high, which is confirmed further with the 
mathematical calculations. Relatively good agreement between the 
Tucker-Folgar method and the experimental data was observed, 
showing the change of carbon nanotube orientation behavior with the 
decrease of the distance from injection gate.  
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 Decreased flammability of injection molded specimen, compared to 
compression molded nanocomposites, along with the improvement of 
mechanical properties is related to tighter packing of polymer chains and 
carbon nanotubes. Nanoindentation test showed the influence of nano-
scale filler on micro- and macro-scale mechanical properties.  
 Electrical conductivity of the final material changed between high- or low 
shear applied during processing. The highest volumetric electrical 
conductivity appears at low shear. The differences between surface and 
volumetric conductivities revealed higher homogeneity of the specimens 
at low shear rate, implemented by low injection velocities and moderate 
melt temperatures.  
 The re-creation of carbon nanotube network and the recovery of 
electrical conductivity in re-processed PC/ABS-MWCNT nanocomposites 
subjected previously to various processing paths was observed.  
 
8.2. Suggestions for future research 
Immiscible blend-based nanocomposites investigated within this thesis can 
be used in a wide range of industrial applications due to the combined 
properties of polymeric blend and carbon-based nanofiller. Thus, this 
technology can be further explored towards various directions.  
 Nanocomposite formation should be further studied, focusing on the 
additives improving more homogeneous distribution of the nanofiller in 
the phases of an immiscible blend. Achievement of this goal is difficult 
when only feeding method or processing parameters are changed.  
 Multi-phase blends with semi-crystalline character (e.g. PA6/PP) filled 
with multi-walled carbon nanotubes should be studied with the 
analogous approach. The influence of the nanofiller on crystallinity 
should have interesting effect on mechanical properties of these 
nanocomposites.  
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 The study of co-filled nanocomposites recently attracts attention. Macro-
nano filler systems represented by glass fibers-carbon nanotubes should 
be in the area of particular interest. Such combination of the fillers 
would allow significant increase of mechanical properties provided by 
the macro filler and an increase of electrical properties due to the 
incorporation of carbon nanotubes.  
 
 Injection molding of multi-phase polymeric systems filled with carbon 
nanotubes should be investigated in order to achieve optimal conditions 
for homogeneous nanofiller distribution. Complex specimen shapes 
should be introduced to such study in order to provide more complete 
data.  
 Computational modeling of the location and orientation of carbon 
nanotubes in injection molded specimens should be expanded on the 
influence of processing parameters and correlated with the results of 
Raman spectroscopy.  
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